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Abstract
Development of Nano/Micro Probes for Femtoliter Volume and Single Cell
Measurements
Yang Gao
Dr. Adam Fontecchio Dr. Gary Friedman
Single cell analysis has recently emerged as an important field of biomedical re-
search. It is now clear that heterogeneity of cell metabolism functions in complex bi-
ological systems is correlated to changes in biological function and disease processes.
A variety of nano/micro probes were developed to enable investigation of cells prop-
erties such as membrane stiffness, pH value. However, very few designs were focused
on single cell metabolic function studies. There is a critical need for technologies that
provide analysis of heterogeneity of cell metabolic functions, especially on metabolism
flux. Nevertheless, the few existing approaches suffer from fundamental defects and
need to be improved.
This work focused on developing nano/micro probes that are suitable for single
cell functionality investigation. Both types of probes are designed to measure cell-
to-cell/time-to-time heterogeneity in metabolic functions over a long period of time.
Lab-made carbon nanoprobes were developed especially for electro-physiological mea-
surement. The unique structure of the carbon nanoprobes makes them suitable for
important intracellular applications like trans-membrane potential measurements and
various electrochemical measurement for cell function studies. While it is important
of have ability to carry out intracellular measure, there are also occasions where the
information of a cell as a whole is collected. One of the most important indicator
of a cells metabolic functions is cell respiration rate/oxygen consumption rate. A
micro-perfusion based multi-functional single cell sensing probe was the developed to
carry out measurements on cell as a whole. Formed by a double-barrel theta pipette,
xviii
the perfusion flow enables the direct measurement of the metabolic flux for example
oxygen consumption rate.
In conclusion, this work developed nano/micro-probes as novel single cell investi-
gation tools. The data acquired from these tools could provide valuable assistance on
applications including cell metabolism studies, cancer diagnoses, and therapy evalu-
ations.
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1Chapter 1: Scope of the Thesis
1.1 Introduction
With the assistance of the development of measurement technologies and tools, many
recent researches shows that heterogeneity, including cell to cell and time to time het-
erogeneity, are related with cell functional changes and disease developments[6, 7, 8].
Single cell analysis attract increasing research interest as a method to study these
heterogeneities and their impact on complex biological system. It becomes clear that
advanced analysis of normal and pathological bio-phenomena is not possible without
getting down to analysis of individual cells to study rare cells, transient cell states,
and understand the influence of environment on such cells and states which cannot
be described by averaged large scale measurements[9, 10]. To investigate single cells,
biomedical research has been filled with tools of improved sensitivity and novel ad-
vanced micro/nano probes [11, 12, 13, 14, 15, 16, 17, 18, 19]. Nevertheless, most
of the recent innovations in this field have been focused on the analysis ofl genome,
transcriptome and proteome[20, 21, 22]. There is still a critical need for technologies
to provide analysis of cell-to-cell and time-to-time differences in the area of cell func-
tions, especially on metabolites consumption,mitochondria oxidative phosphorylation
system and metabolites exchange. It is already been verified that metabolism of mi-
tochondrial substrates is a necessary condition for the proliferation of many cancer
cell types. [23].
2Moreover, while many material systems are investigated at or near thermodynamic
equilibrium, living systems are distinctly non-equilibrium. Transport, production and
consumption of gases, ions, and organic molecules are the key factors maintaining life
away from an equilibrium state. Yet, relatively few tools are available to study or
map fluxes at the microscopic scale. There are methods available to assess spatial and
time variations in concentration of various molecular and ionic species. Some of these
methods are based on optical reporters such as fluorescent molecules. However, it is
difficult to use molecular and nanoparticle reporters to measure gradients from which
fluxes could be estimated. This is because the distribution of the reporting species
around cells are often uncontrolled and non-uniform. Scanning probes are the other
approached that were used to measure metabolics concentration around the cell.
Current scanning probes based on electrochemical, optical or other mechanics can
provide quantitative information on local concentration of various chemical species[13,
14, 15, 16, 17, 18, 19]. On the other hand, while samll tip diameter is desired for single
cell studies, there always been a trade off between the sensitivity of the scanning
probes and their spatial resolution. Improvement in functional microscopy techniques
that are suitable for measurement and mapping of fluxes on cellular and sub-cellular
scale are required.
Also, for cellular metabolism research, the absolute value of metabolites concen-
tration or flux are depends also on other factors like the volume/size, or the stage of
development of the investigated cell. In this concern, a long-term historical record
that trace the pattern of the cell metabolic function changes are more important
and useful than an instant absolute readings. Capability of investigating the cell
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3in a long time scale of hours or days is a crucial point in this field and need to be
addressed[24, 25, 26].
In this work, carbon nanopipette based nano-probes that aimed for multiple single
cell investigation applications were developed at the first part. Based on the applica-
tion needs, several variations of carbon nano-pipettes were developed, evaluated and
tested. Their conductive, multifunctional, easy to fabricated nano-scale tips made
these carbon nanopipette excellent intra-cellular tools that are suitable for long-term
intracellular research with little impact on cell normal functions, as well as mapping
metabolism of a single cell as extra-cellular probe with sub-cellular spatial resolution.
In the second part of this work, an extra-cellular double-barrel perfusion micro-
pipette were developed for cell-to-cell metabolism heterogeneity researches where sub-
cellular spatial resolution is not a necessity and intracellular operations are not re-
quired, to provide a even less invasive and efficient tool. This perfusion micro-probe
works as a platform where the electrochemical probes or other type of sensors can be
integrate into and work with it. This perfusion micro-pipette is designed to provide a
better control of the cell micro-environment and capable of continuously collect vari-
ous fluxes exchange information of the cell which improved the problem of free control
volume that scanning probe have. In addition,compare to the nanometer range elec-
trochemical scanning probes, the size of the perfusion micro-pipette is similar to a
cell, which can collect the flux exchange informations from the entire cell surface
lively without scanning (to avoid any time delay and flow disturbance casued by
scanning). The design, fabrication and evaluation method, analysis and applications
of each probes will be discuss in detail in this work.
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41.2 Thesis Outline
This thesis begins with a brief introduction in chapter one that help the readers to
understand the importance of single cell heterogeneity, cell mitochondria functions
and dynamic cell metabolisms analysis. The difficulties to study these files with
exsiting tools are also discussed briefly to point out the necessities of developing
single cell investigation probes.
Chapter 2 reviews the current state of the art of one dimensional living cell probes
with single cell resolution that been developed in the recent years in detail. Base on a
simple rule of whether a cell membrane penetration occurs during the measurement or
operation, these probes are briefly cataloged as intracellular and extracellular probes.
Both types of probes haver their unique functions that would not be compete and
replaced by each other in near future. In each catalog, probe structures, con and
pros, and their main applications are discussed. Chapter 1 and 2 together provide a
clear motivation of why to develop nano/micro single cell probes for both intra/extra-
cellular applications.
Chapter 3 to 6 describes the main achievements of this research. For occasions
where intracellular probe are needed, a nano-scale tip is required for non-invasive
single cell measurement. Chapter 3 introduced the development of four types of
nanoprobes based on CVD technology. The fabrication method and characterization
results for each types of probes are discussed in detail. Both optical and electro-
chemical methods are used to characterize and evaluate these probes. The prelimi-
nary results shows the potential of using them for analytics measurement and femto-
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5litersampling. The conductive, biocompatible nano-scale tips of these probes provide
them versitility, high spatial resolution and low invasiveness that makes them suitable
for intracellularsingle cell researches.
Chapter 4 further discussed these nano-probes for their performance on various
single cell applications. Three applications are experimentally demonstrated by the
nano-probes on cultured living cells: mass transportation, cell electro-physiology mea-
surement, and metabolism analyzes sensing. These results verified that nano-probes
are ideal candidate as intracellular investigation probes. Their use for mapping and
scanning with subcellular level resolution are also briefly discussed in this chapter.
For other single studies where metabolism of an entire cell are interested in,
micro-probes with a tip size that comparable of a whole cell is a natural approach.
These applications including the cell-environment metabolics exchange, cell-cell sig-
naling/chemicals exchange measurements. Compare to scanning probe approach, a
micro-probe doesn’t have measurement delay or probe disturbing caused by scanning
movement of the probe, but has a tradeoff of spatial resolution because of the large
tip size. Chapter 5 developed a perfusion micro-probe platform that has the benefit
of measure the entire cell at a time as well as a high spatial resolution. This micro-
probe provide a direct measurement of cell analyzes consumption rate by measure
concentration at a point. Perfusion flow also bring some other benefit, such as a
constant micro-environment which is crucial for long term dynamic investigations.
An analytical model of the design is provided to discuss the working principle of this
probe. To save the time and complications of experiments, simulations model is built
to discuss the perfomance of these probes. The 3-D model of the probe is verified by
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6compare the simulation results with experimental results under similar settings.
With this 3-D model, in Chapter 6, two specific applications senses of the perfusion
micro-probe are discussed. The first application is to use this probe as a scanning
probe for single cell respiratory. In this part, simulation results demostrated that
the perfusion micro-probe can confine the diffusion, improve the measured signal and
have a single cell spatial resolution. The second application occasion is to use a cell
chamber to isolated a single cell while the perfusion probe is used as a sealing. In
this case, the perfusion guaranteed the cell micro-environment, as well as enhanced
the signal.
Chapter 7 concludes this thesis by summarizing various of the nano/micro probes
developed, characterized and validated in this work for single cell investigations. Per-
spectives on further works to improve these probes are also discussed. The author’s
contributions in this work has been listed at the end of this chapter as wel in this
chapterl.
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7Chapter 2: Single Cell Probes Literature Review
In last chapter, we had a brief introduction of the needs of development of probes for
longterm single cell investigation. Recent developments in nanofabrication technology
have made this area increasingly attractive as the probes can be manufactured with
increasing accuracy. Several nano/micro-probes were developed for studies of cell
functions, especially the mitochodria metabolism investigations. In this chapter, a
literature review of current state of art of the field is presented while pursuing the
topic of this work. The scope of this review is focused on the directly related cell
function measurement tools, mostly about pointed nearly one-dimensional single cell
probes (such as nano-needle arrays, cellular endoscopes, et al) and will not cover
the majorities of technologies associated with molecular and colloidal nano-particle
probes or technologies focused on genomic/protein studies.
Depends on whether a cell membrane penetration is occurred during the opera-
tion, these newly appeared approaches are separated into two catalogs: intracellu-
lar probes and extracellular probes. These two catalogs of probes has their unique
applications on cellular function investigations. Under these two catalogs, specific
research works are then discussed by their applications. The structures, applica-
tions,advantages/drawbacks of these devices discussed in each sections.
82.1 Intracellular Probe
Intracellular probe are often refers to the probes penetrate cell membrane when car-
rying out measurement or operations. For this work’s objectives, this section reviews
recently reported intracellular probes that works on living cell.
One of the most critical problems of intracellular probe design is that the probe
need to be minimum invasive to cell normal functions. This requires the probe ma-
terial to be non-toxic and bio-compatible. In addition, penetrating the plasma mem-
brane of a living cell requires a small tip diameters of sub-micro or nano levels and
a high aspect ratio which further limited the materials can be used and increased
complexity of fabrication methods and hard to be scaled up to bulk fabrication. It
is notable that carbon nanostructures provide a promising candidate for intracullular
probe tips, especially Carbon nanotubes. Since it has been first fabricated, Carbon
nanotubes(CNTs), including single wall CNTs and multi-wall CNTs, has been used
for a wide applications in various field because its small size and outstanding electri-
cal, mechanical properties [27, 28, 29]. Some SEM images of the lab made CNTs are
shown in Figure 2.1. They can have very high aspect ratio, nanometer diameter and
micormeter length, while maintain a mechanical strength to penetrate cell membrane
without frictions or break and last longer [30]. They have mechanical robustness,
flexibility and can be bend to some extent but return to its original shape(Figure
2.2). Carbon material is conductive to apply or collect electrical signal via it and also
bio-compatible. Carbon probes is chemically stable enough to carry out a wide range
of electrochemical measurement. Their small diameter also allows them to penetrate
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9membrane and work as vehicle to transport various molecules [31]. Further surface
modified extend their applications, for example, became magnatic CNTs that can be
guide by EM field [32] . The details of their applications in the field of single cell
studies will be discussed more below in specific probes.
Carbon nanopipette(CNP) has very similar properties as CNTs except its conical
shape [33]. They are mechanically strong to support high aspect ratio, conductive,
and bio-compatible. But CNPs based probes has more robotic fabrication steps com-
pare to CNT based probes to have a broader application. Base on this, in this work,
CNPs probes are developed and discussed.
Figure 2.1 SEM images of lab-made carbon nanotubes(CNT): (a) a single CNT ; (b) CNT bundles (c)zoom in
image of the CNT appature shown in(b).
Beside material, there are other concerns such as the control of the tip’s 3-D
position, the need of improve measurement efficiency(cells/day), etc.. Research works
has merged provide solutions to some of the issues, but are still under development
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Figure 2.2 A. Differential interference contrast micrographs showing a 100 nm nanotube bending (left) and
elastically recovering its shape (right) when pushed against a glass slide; B.From top to bottom: the carbon pipe tip
of the CNP buckles when pushed against the wall of a glass pipette and recovers its initial shape once the force is
removed.
to address all these challenges.
Most of recent reported intracellular probes are designed for three applications:
1) direct matter transfer; 2) Electrical signal recording; 3) analyses/proteins analysis.
Some of these probes are capable of carry out multiple functions in one approach
which provided a conveniences and comprehensive methods for single cell investigation
needs.
2.1.1 Direct Matter Transfer
Materials can be delivered into cells by membrane endocytosis or direct injection.
Endocytosis of membrane works only for select small particles, molecules or proteins.
Other matters need to be delivered by vehicle materials or modify their surface prop-
erties. In the contrary, some intracellular probes are capable of transport a wider
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range of matter through cell membrane by direct injection/extraction which provide
great flexibility and possibilities for intracellular researchers. These probes also make
possible the directing analyses like drug molecules or proteins to specific locations
and carrying out species analysis.
Glass micropipettes are commonly used by biologists in cellular analysis in con-
junction with manipulators and injectors to control position and for injection/extraction
of liquids. For intracellular manipulations, researchers elaborated their effort to re-
duce their invasiveness by modify the tip size,shape and material of these pipette.
Nanopipette based probes with their small apex angles have been used for continuous
fluid transport inside cells[33] . Carbon was deposited directly onto quartz pipettes
and those pipettes were successfully used to inject fluorescent dyes into cells (Fig 5(c,
d)) [ref6]. Nanostructures (e.g., nanotubes) has been attached onto micropipettes by
epoxy[15] or direct fabrication at the tip [33, 34, 35]. The first micropipette probe
with an attached CNT tip capable of fluid transfer was demonstrated by Freedman,
et al in 2007 [32]). These design reduced the tip size to the order of several hun-
dred nanometers or less, so that the effects of cell interrogation can be minimized
[36, 37], which is crucial for extended time-scale studies. To precisely control over the
amount of injected fluid of the injection process, voltage-driven delivery of individ-
ual molecules inside cells by glass micropipettes have been reported[38, 39]. Similar
approach utilizing a double-barrel pipettes is described in Ref[40].
Department of Electrical Engineering Drexel University
12
Figure 2.3 Intracellular probes for matter transfer. (a) CNP fabrication schematic. top: internal deposition of
the catalyst before micropipette pulling. middle: deposition of carbon by CVD. bottom: exposing the carbon tip
by wet-etching; (b) SEM micrograph of a carbon tip integrated into a quartz micropipette; (c)Left to right: OSCC
before and after fluorescent dye injection with a CNP.
Other technologies like AFM driven cantilevers have been reported to transfer fluid
into a cell. The conventional AFM tips are short in length and have a conical shape,
which can have a difficulty in membrane penetrations. For intracellular interrogation,
works has been done to modify the AFM tips. Nano-structures were fixed to the
conventional AFM tips to reduce invasiveness [40]. These approaches require the
particles to be pre-loaded onto and/or into the nanostructure, CNTs for instance,
and released once the membrane is punctured (Figure 2.4). But many of these probes
are limited to a single use and lack of control over the amount of material delivered.
Another approach is FIB modified AFM tip probes. A nano-fountain probe was
used to continuoursly deliver liquid through an ion beamed modified tip. But FIB
fabrication steps are time consuming and the possible tip length is limited by the
small tip diameter.
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Figure 2.4 (a)Schematic of the nanoinjection procedure. A MWNT-AFM tip with cargo attached to the MWNT
surface via a disulfide linker penetrates a cell membrane. After disulfide reduction within the cell’s cytosol, the cargo is
released and the nanoneedle is retracted; (b) left: SEM image of a MWNT-AFM tip. right: TEM image of a MWNT-
AFM tip coated with linker 1 and conjugated with QDot streptavidin; (c)Combined bright-field and fluorescence
images of Nanoinjection of QDot streptavidin conjugates into a target HeLa cell. left: before nanoinjection. The dark
shape in the lower left corner is the AFM cantilever. right: after the nanoinjection.
Array of nanoprobes designs offered an efficient way to inject a variety of biolog-
ical molecules including plasmid DNAs, peptides, proteins and siRNAsa[41] into a
large number of cellssimultaneously. Arrays of vertical lithographically manufactured
silicon nanowires have been reported by Park’s group for delivering bio-molecules
into multiple cells simultaneously. The aimed molecules were preloaded onto surface-
modified nanowires and released into cells upon piercing the membrane[42]. This
particular probe was also developed to eligible for intracellularly record and stim-
ulate neuronal activity in dissociated cultures of rat cortical neurons and can also
be used to map multiple individual synaptic connections. The nano-lithography or
templating technologies used to fabricate array probes make more robust fabrication
process and high XY spatial resolution possible. But these devices are usually fixed
in the Z-direction, and the membrane penetration and cell viability can be concerns
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when apply these probe for intracellular injections.
Figure 2.5 (a) Si NWs as a generalized platform for intracellular delivering. Schematic renderings of cells (Pink)
on SiNWs(Green) at early and late stages of penetration; (b) and (c) Scanning electron micrographs of vertical Si
NWs fabricated via CVD (b) and reactive ion etching(c); (d) Confocal microscope sections of a HeLa cell in the
process of being penetrated(after 15 mins and h hour). (e) Scanning electron micrograph of rat hippocampal neurons
(false colored Yellow) atop a bed of etched Si NWs (false colored Blue), showing characteristic morphology (taken one
day after plating)
Despite the advantages of direct injection/extraction intracellular probes, whether
the probes damaged the cell membranes and invasive to cell normal functions is always
a concern. The greater issue is whether the claimed mambrane penetration occurred.
To answer these doubt, additional studies of cell viability and assistant indicators or
precise control of the probe position for verifying the penetration are needed to be
add into probe evaluation[36].
2.1.2 Current/Voltage Measurement
The transmembrane potential of cells and organelles plays an important role in normal
cell function. Action potentials are related to signaling process in neuron systems;
cancer precursor cells show distinct differences in their transmembrane potential;
depolarization of the plasma membrane appears to be an important indicator in
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apoptosis [43]. Notice that for electrophysiological measurements, probe invasiveness
is particularly important, as longer insertion times are necessary for many analyses.
Research group of Dr. Bau demonstrated a carbon nanopipette to perform intra-
cellular electrophysiogy measurements[35, 44]. A conductive layer is formed via CVD
of carbon on the inside of quartz pipettes. The quartz is then etched away, revealing
a 100-200 nm carbon tip, which can be used as an electrode. The authors successfully
recorded the electrical signal of mouse hippocampal cells (line HT-22) with limited
membrane damage (Figure ). Further improvements were demonstrated by Singhal,
et al through decreasing the tip diameter and using a carbon nanotube assembled at
the tip of a glass pipette with conductive epoxy [15, 45]. The carbon nanotube tipped
probe was later confirmed to be minimally invasive through statistical analysis of the
actin network stability and cytosolic calcium ion release. To reduce the difficulty of
assembling CNTs, Yoon et al [46] recently proposed a novel self-entanglement method
to obtain millimeter-long electrode with a sub-micron in diameter CNT. This method
relies on dielectrophoretic assembly of multiwalled carbon nanotubes on the tip of an
electrochemically etched tungsten wire. By controlling the tip orientation with re-
spect to the deposition solution, it is possible to assemble the CNTs in such a way
that there will be a single nanotube on the probe tip. This probe has been employed
for intracellular recordings of light invoked inhibitory post synaptic potential [46].
Lieber’s group has demonstrated three dimensional field effect transistor (FET)
deposited on a kinked silicon nanowire[47]. Three dimensional nanoscale FETs offer
the advantage of minimal invasiveness due to sub 10-nm size and minimal interfacial
impedance which places them apart from typical probes enabling intracellular elec-
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trical recording. These devices were successfully applied for both extracellular and
intracellular voltage recording. High sensitivity for conductance measurements of 4-8
uS/V and 58 mV/pH for pH measurements, close to Nernst limit, was reported. In
2012, the same research group demonstrated an array-based technique that was capa-
ble of detecting action and trans-membrane potentials of cells on a large area (Figure
) [48]. Arrays of silicon nanowires have been used for stimulating and recording neu-
ronal activity as reported by Park’s group [42]. This design is capable of gathering
information about a large number of cells simultaneously with a relatively high XY
resolution, which dependents on the density of the nanostructures.
Patch clamping probes has been used for recording membrane currents in sin-
gle cell, thus enabling the studies of individual ion channels in cell membranes [49].
Patch clamping has been used in fundamental studies of mechanosensitive channels
which are responsible for physiological processes such as touch, hearing and osmoreg-
ulation. It was shown that the increase in transbilayer pressure triggers the gating
of mechanosensitive channels resulting in large increase of transmembrane conduc-
tance. Further, patch clamping of single mechanosensitive channels in conjunction
with electron paramagnetic resonance spectroscopy allowed to elucidate the process of
mechanotransduction, triggered by asymmetry in the transbilayer pressure profile[50].
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Figure 2.6 Probes for electrical measurements. (a) Schematic experimental setup of carbon nanopipette (CNP)
for electrophysiology; (b) Voltage variations during membrane penetration and the repetitive K+ enrichment of
surrounding medium ; (c) Schematic diagrams showing a cell coupled to a BIT-FET (left) and SEM image (right) of
a unit of this array probe (S and D indicate source and drain electrodes) ; (d) action potential of single cardiomyocyte
cell recorded by a substrate FET array probe; (e) Schematic diagrams of the SECM experiments with single cells (left)
and an optical micrograph of a typical nanotip used in such experiments; (f) Human breast epithelial (MCF-10A) cells
imaged by SECM ; (g) Schematic image of voltage switching mode in SECM using nanopipette as the scanning and
measurement probe where the probe can be either attracted to or repulsed from the cell, depending on the polarity
of the applied voltage; (h) topography and electrochemical images of living cells
2.1.3 Analyzes/Biomolecules analysis
The metabolism activities of living cells, especially the mitochodral functions, can
usually be indicated from their redox processes. The redox process of a single cell
can be investigated by electrochemical method which are highly sensitive. Mirkins
research group published a series of papers in which scanning electrochemical mi-
croscopy (SECM) was used to investigate the metabolic behavior of individual cells
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to differentiate cancer cells in a healthy population[51, 52, 53, 54, 55]. Another work
for the same group demonstrated a nanoprobe capable of performing electrochemical
measurements intra-cellularly[56]. The nanoprobes were prepared by pulling a glass
capillary with a platinum filament and preparing a 42 nm platinum disc at the tip,
which acted as an electrode as shown in Fig 4(e, f). This device was successfully used
to analyze redox species such as Ru(NH3)63+ as well as measure oxygen concentra-
tion inside and outside of MCF-10A cells. With spatial resolution of nano-meter level,
the electrochemistry probes were also used extracellularly for single cell membrane
activities mapping and this technique is known as scanning electrochemical micro-
scope (SECM). For example, Takahashi et al reported a carbon-tipped pipettes that
simultaneously produce nanometer resolution topographical and electrochemical im-
ages of cell surface which they named as voltage-switching scanning electrochemical
microscopy (Fig 4(g, h)) [57]. The reported carbon pipettes were prepared using a
CVD technique, by depositing carbon directly onto quartz pipettes at high tempera-
tures to obtain 6.2 100 nm wide tips capable of being used as electrodes. Bergner, et
al published their comprehensive review article in 2013[58] concluding existing SECM
probes and their applications in details.
Raman spectroscopy is uniquely suited for cellular analysis due to the ability to de-
tect large numbers of biomolecules simultaneously without requiring the use of labels.
The low Raman scattering intensity (1 photon per million), however, limits its useful-
ness for single cell analysis. Surface enhanced Raman spectroscopy (SERS), allows to
overcome the detection limits of conventional Raman scattering by utilizing the effect
of electric field enhancement in the vicinity of metal nanoparticles. Colloidal metal
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nanoparticles are traditionally used for such measurements; however, these particles
have a tendency to agglomerate and move within the cell, which alters the ampli-
fication effect, hindering the applications of this method for long term experiments
and for obtaining reproducible data [30][33]. In view of this, SERS-active nanoprobes
with controlled and fixed configuration of plasmonic nanoparticles are required for
reliable intracellular SERS sensing. The first SERS-active intracellular probes were
reported by Vitol, et al, in which 50 nm gold nanoparticles were attached on a pulled
glass pipette via poly-l-lysine functionalization[34]. Using these nanopipettes, it was
demonstrated, for the first time, that SERS can be used for in situ monitoring of
cell response to an external stimulus. Also, the SERS-active nanopipettes were suc-
cessfully applied for obtaining characteristic spectral fingerprints of cell nucleus and
cytosol by probing the corresponding compartments in a single living cell. To en-
able the probing of smaller organelles it is necessary to have sufficiently small probes
which is difficult to achieve using glass micropipettes. Carbon nanotube (CNT) tipped
probes offer the advantage of reduced tip diameter and cylindrical shape, as opposed
to conical glass pipette tips[34, 15, 59]. By virtue of the small tip diameter and the
multifunctional capabilities of CNT-tipped probes, they were compared to endoscopes
for single cell studies enabling navigation of the probe inside a cell[15]. Nanotubes can
be grown by a template-assisted chemical vapor deposition (CVD) method in which
alumina templates were first treated with gold nanoparticles [ref32] and subsequently
assembled to the tip of glass micropipettes [ref31]. This allows to fabricate SERS-
active nanoprobes without the need for chemical surface functionalization. This is
advantageous for reducing the SERS background signal which may arise due to the
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molecules employed for attaching plasmonic particles on the probe. Manufactura-
bility of assembled CNT-tipped endoscopes is perhaps the biggest drawback to this
design. Since they are currently assembled manually, variability between probes is
difficult to control in addition to the inability to produce probes in bulk quantities.
Further work is required to overcome these limitations.
Figure 2.7 SEM micrograph of (a-c) a SERS-active nanopipette, where (a) shows the close-up view of 150 nm
probe tip, (b) the surface of the nanopipette close to the tip, still coated with gold nanoparticles and (c) glass surface
away from the coated region [ref29]; (d) TEM image of a 200-nm in diameter carbon nanotube coated with gold
nanoparticles [ref31]; (e) Optical image of a carbon nanotube fixed to the tip of a glass micropipette [ref31].
Another approach is Tip-enhanced Raman spectroscopy (TERS). It relies on
plasmonic amplification of electric field in the vicinity of metal nanostructures(near
field)[60, 61]. The enhancement is typically provided by a single metal nanostructure
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(nanoparticle or a sharp metal tip[62]) which is scanned across the sample. This
method allows for chemical mapping of surfaces with spatial resolution as low as 10-
30 nm. The first TERS single cell measurements were demonstrated by Stckle, et al
in 2000[60] using an AFM tip coated with silver.TERS probes have been used for the
analysis of amino acids[62], DNA[63], viruses[64], and cells[61].
2.1.4 Multi-functional probes
While many works have been developed for a specific application need, some works
has demonstrated that many techniques are complementary and can be used simul-
taneously. Singhal, et al first demonstrated a multifunctional carbon nanotube endo-
scope that capable of interrogating individual cells and organelles (e.g., cell nucleus)
while simultaneously injecting or extracting fluid, performing electrochemical mea-
surements and SERS or fluorescence microscopy[15, 65]. To realize all these functions,
after carbon was deposited inside quartz capillaries, CNTs were co-axially assembled
at the tip. The carbon pipette wall acts as a conductor and can be connected to a
potentiostat, while the CNT tip acts as an electrical or electrochemical probe (Figure
2.8).
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Figure 2.8 Carbon Nanotube based Cellular Endoscope [ref31]. (a) Schematic image of how the endoscope work
with cells; (b) design of the endoscope;(c) micrographs showing a cell being interrogated with an endoscopes filled
with FITC-labeled(green) fluorescent polymer nanoparticles; (d)Voltammetric traces obtained using the nanotube
endoscope in 100 mM supporting electrolyte(circles)and 100 mM(triangles) and 1 mM(squares) potassium ferricyanide.
Yan, et al[66] reported another endoscope probe design that focused on optimizing
optical measurements (Figure 2.9). In their design, SiO2 nano-wires were fixed to the
end of an optical fiber such that the hollow structure could guide light and illuminate
a desired region and collect near-field information. Injection of quantum dots as well
as recording of reflection spectra were also demonstrated using this endoscope.
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Figure 2.9 Nanowire based Cellular Endoscope [77]. (a) Schematic image of the endoscope working principle.
Inset shows the endoscope tip; (b) micrographs showing injection of quantum dot (QD) (red dot) into cell membrane
(green); (c) Calibration curve of the dye-coated nanowire endoscope in a microdroplet containing buffer solution at
different pH. Inset: schematic showing the measurement set-up
2.2 Extracellular Probes
In contrary to intracellular probes, extracellular single cells probes do not require a
membrane penetration and usually used in applications that needs surface manipu-
lations on cell membranes. These probes are naturally considered to be less invasive
and have less restriction on th material and shape design.
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2.2.1 Micro-Environmental Control Molecules delivery
Molecules can also be transport into cells by endocytosis. Some recently reported ex-
tracellular probes are capable of locally control the micro-environment of the aimed
cell and transport molecules into them. Cell chambers has been used to locally mod-
ify the micro-environments, XXX. Efforts also has been made on delivery broader
selection of molecules through the membrane, Carbon nanotube suspensions has
been used as vehicles to transport[ref41] [ref42], surface modification technology also
has been used to modify the molecules for the same purpose. AFM driven can-
tilevers probes have been modified to continuously transfer fluid into a cell in some
literatures[67, 68, 69]. Although these probes were design for intracellular use, their
short conical tip may have more advantageous for membrane surface manipulations
and create a local high concentration of the aimed molecules.
Electroporation is another method used for delivering materials into cell through
nanopores in the cell membrane. The nanopores are formed by applying external
electric field which allows to break down the cell trans-membrane potential thus
creating the transient openings in the membrane. Originally demonstrated in bulk on
a large amount of cells, this method has been adopted for delivering molecules into
single cells using nano/micro-scale probes. Micropipettes[70, 71],conductive AFM
tips[72] and lithographically fabricated nanofountain pen probes[73] have been applied
for single cell electroporation. Because the membrane is temporary opened to let
material get through it, this methods has less limitations on the aimed molecules.
The variety of materials injected in cells using this method includes DNA plasmids,
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proteins fluorescent dyes and genes.
2.2.2 Mechanical Properties Mapping
The mechanical properties of cells are of interest to cell biologists as they can provide
information about cell health and function. For instance, some cancerous cells have
been shown to be softer than healthy cells[1, 2]. AFM has been used extensively
in nano-biomechanics due its pico-Newton force sensitivity. Meanwhile with their
nanometer level spatial resolution of recently reported modified AFM probes, they can
target bacteria or thin axons that are difficult to investigate with optical microscope.
Different approached to fabricate these modified tips has been reported, for example,
nano-structures can be prepared on or attached to existing tips [33], or etching the tip
by focused ion beam technology (FIB)[3]. A typical appearance of this type of probe
is demonstrated in Figure 2.10 (a, b) [69]. Lekka, et al [1] demonstrated the use of
AFM for measure the Young’s modulus of cells via indentation. Similar methods have
been used by other groups and, in 2007, Cross, et al [2] confirmed the AFM technique
as a potential method for clinical cancer diagnosis by comparing normal and cancer
cells obtained directly from patients. AFM techniques are also potential candidates
for the detection of pathological cells within otherwise healthy populations[74].
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Figure 2.10 (a) Schematic view of a scanning force microscopy setup using the liquid cell and laser deflection
technique[1]; (b) Histograms of the associated Youngs modulus E for cytological samples collected from patients with
suspected metastatic cancer: Log-normal fit for all normal data vs. Gaussian fit for all metastatic tumor data from
the samples[2]; (c) schematic view of utilizing AFM base nanoneedle to record intermolecular forces and SEM image
of AFM nanoneedle probe[3]. (d) SEM image of CNT modified AFM probe [3] (e) AFM topography of living cells
acquired using AFM and CNT modified AFM probes[4]
Other than mechanical properties, the shape and surface morphology of cells are
also important indicators of health and function. AFM-based techniques have been
extended to include high-resolution surface imaging. Conventional AFM tips, with
conical or pyramid tips have a limited use in this regard due to the large height
variations involved in cellular mapping, especially at the cell edges. Tips with smaller
apex angles have been developed using nanofabrication techniques such as focused
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ion beam (FIB) micromachining [3], or attachment of CNTs to the AFM tip[4]. The
use of carbon nanotubes provides a more flexible tip, which overcomes many of the
limitations of FIB etching by improving the length/width ratio and offering superior
mechanical qualities. Koehne, et al [4] showed vastly improved imaging resolution
using a CNT tip, especially near the cell edge (Fig 2.10 (d, c)). By using a CNT-tipped
AFM cantilever, the authors demonstrated that it is possible to image very small
structures on the cell membrane such as microvilli and filopodia. With conventional
AFM tips, these structures were obscured by tip convolution effect resulting in cliff-
like artifacts due to premature interaction of pyramidal tips with the cell surface. In
contrast, the CNTs provide a single point of contact with the cell, thus allowing to
avoid this problem and to visualize the true topography of cell surface. More recently,
a FIB technique has been reported to provide more accurate control over the CNT
attachment procedure, although more work is needed to develop a high throughput
method for producing AFM-based cellular probes[75].
It should be noted that long before AFM has found its way to a biological lab,
glass micropipettes were already used for studying cell mechanical properties and
mechanotransduction studies. Micropipettes provide the means for directly applying
the force to cell surface with the pipette tip. Non-contact measurements of cell me-
chanical properties have been realized using micro-pipettes in context of scanning ion
conductance microscopy (SICM)[76, 77] . The non-contact scanning in SICM is based
on maintaining the constant ion current through the probe tip. The feedback loop
allows for control over the tip/sample separation by monitoring the magnitude of the
current[78, 79]. By employing this mechanism of scanning and applying hydrostatic
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pressure through a pipette, Sanchez et al[76] characterized the mechanical properties
of epithelial cells, cardyomyocytes and neurons. The SICM method allows for imag-
ing the topography of live cells in native conditions with spatial resolution exceeding
that of AFM [78, 79]. Compared to cantilever-based probes, the fabrication costs
of pipette are relatively low because they can be prepared in bulk by pulling quartz
capillaries using standard laser pullers.
2.2.3 Fluxes Measurement and Imaging
A lot research work has been done on extracellular species measurement. Base on
this dissertation’s scope, we will focused on the recent papers of oxygen measurement.
Oxygen is envolved in mitochondria oxidative phosphorylation system and is one of
key the driving factor for mitochondria energy metabolism. Since the time of the
Nobel Prize (of 1931, in Physiology) winning work of Otto Warburg, respirometry
has been widely employed to characterize metabolism and mitochondrial functions of
cell cultures, tissues and larger organisms.
Classical respirometry is based on measurements of oxygen in solution using Clark
electrodes. Modern alternatives can also employ fluorescence-based measurements via
optical fibers. Dominant among todays high-resolution respirometers are probably
those offered by Seahorse (XF Analyzer) and Oroboros (Oxygraph-2K). These devices
are capable of using relatively small biological samples containing several thousand
to few millions of cells, correspondingly. Several reports of single cell oxygen con-
sumption measurements have appeared in recent years. Most of these approaches fall
into two categories: 1) ’open space’ measurements, like probe suspension and scan-
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ning probes [ref60][11-13] and 2) isolated cells sealed within substrate micro-wells
measurement [ref61][9, 10]. The common issues of both approaches are the control
volume of measurement as we will discuss later.
The existing living cell oxygen concentration sensing device base on fluorescent
probe techniques are either using fixed phosphorescent probes/films[80, 81, 82] or
widely disperse the probes in area of interesting[? 83, 84, 85, 86]. The dispersed
probes method is a imaging/mapping technology that provide single cell resolution
of the oxygen concentration mapping that compatible with fluorescent microscopes
and relatively easy to work with. Compare to fixed molecules probes where a thin
layer of phosphorescent molecules deposited at the surface, this method can be used
in open space measurement because it has much dense molecules distributed in the
3-D space with better access to local oxygen, which increased the signal strength and
the sensitivity. It also can take images of multiple aimed cells in one step without
scanning. Figure XX shows an image of the oxygen concentration distribution in
a cell chamber[ref64]. After the appropriate core of the molecule been tested and
selected in the earlier work, the recent researches has been focused on modify the
protect shells that not allow other atoms to penetrate but can pass oxygen free and
fast, some shells are designed to prevent the molecules enters the cell by endocy-
tosis, some shells prevent aggregation; some helped to delivery the molecules into
cells for intracellular oxygen imaging[84]. Works also been reported on using these
phosphorescent molecules for oxygen imaging at deeper tissue[87? ] via two-photon
microscopy. Sergei A. Vinogradov and David A. Boas’s group recently demonstrated
two photo technology to capture the oxygen mapping in a tissue sample with a high
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spacial resolution and sensitivities(Figure 2.11)[? ]. The combination of phosphores-
cence quenching with two-photon microscopy is a natural synergy since two-photon
excitation, which is characterized by a high degree of spatial confinement, a reduced
risk of photo-damage and a longer penetration depth. However, with cells surrounded
by the phosphorescent molecules, the triplet oxygen is toxic to cells, even their life-
time is in ns range, and life distance is short in nm range, it still can be a factor to
be consider. To limited the amount of light and singlet oxygen exposure to cells, this
approach is usually used for noncontinuous or short term observations. Beside, the
molecules are always considered as exotics and been a concern for cell biologists. The
molecules are also special design for specific species and hard to measure multiple
species simultaneously. They also need extra raising steps before other measurements
can take place. Finally,the concentration/distribution of the molecule need to be very
even to carry out accurate measurement, which is not trivial. To limited the amount
of light and singlet oxygen exposure to cells, this approach is usually used for noncon-
tinuous or short term observations. Fixed fluorescent probes has the benefit of well
control the location of phosphorescent molecules. But it also have a small number of
molecules to take measurement and not sensitive enough to directly measure oxygen
consumption rate with single cell resolution.
Electro-chemistry probes that we discussed before was capable of measuring flux of
metabolism species intra-cellularly can also been used as a scanning probe for extracel-
lular re-dox species mapping with high spatial resolution of nanometers[56, 57]. This
surface mapping method is named as scanning electrochemical microscopy(SECM)
technology(More details of applications of SECM can be find in a review paper by
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Bergner, et al published in 2013 [58].). Beside membrane surface flux measurement,
previous works also demonstrated the use of these probes for pH measurement. These
experiments found that the surface pH of healthy cells is much lower than that of can-
cer cells[53]. This work relied on relatively large probes??. Carbon-tipped pipettes
have also been used to simultaneously produce nanoscale resolution topographical
maps of the cell surface via voltage-switching SECM as reported by Takahashi et al
(Fig 4(g, h))[57]. Carbon pipettes were prepared using a CVD technique, by deposit-
ing carbon directly onto quartz pipettes at high temperatures to obtain 6.2 100 nm
wide tips capable of being used as electrodes. With this high resolution, we could
expect to acquire sub-cellular level electrochemical images, such as neuron axons.
One concern of using electro-chemistry probes for cellular imaging is that the analyze
need to be a centain electrolyte to carry out electrochemistry test which may be not
wanted in the cell buffer. Flow can be introduced to the electrochemical sensors to
locally supply electrolyte (Figure 2.11 B)[19]. Another concern of electrochemistry
probes is that they consume the aimed analytes to take measurement. A previous
research claimed that the conventional electrochemical oxygen probes can compete
the oxygen with cell and even drawn molecules from the cell[18], which disturbed the
cell normal function. Because of it, these probes are mostly used for snap-shot of the
oxygen concentration or gradient, but can not be use for continuous live observation.
SERS and TERS probes discussed before as intracellular probes are also applicable
extracellularly measurement. Compare to mostly used fluorescent probes, these are
label free technologies, but need extra data analysis skills.
The difficulties of these ’open space’ techniques are the disturbances caused by
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the large control volume.Disturbance from surrounding cell, the fluctuation caused
by the movement of the probe, or flow conditions of the whole cell chamber make the
source of measured value doubtful. For occasions only isolated cells are of interest,a
direct approach is to isolate cells in a small closed chamber of uL in size(Figure 2.11
C)[ref75]. In this case, because the extracellular medium size are very small, the ex-
change between cell and its medium can be accumulated and have a dramatic change
on the medium concentration. This approach reduced the sensitivity and size require-
ment of the sensor. Optical-fiber based sensor can be used in this case for live oxygen
concentration measurement. Oxygen quenching phosphorescent molecules are either
distributed in the chamber or attached to the end of the fiber. Because of the small
volume, the concentration vs. time can be used to determine cell oxygen consump-
tion rate. An obvious limitation of this design is the cell environment is not constant.
Accumulation of carbon dioxide within the micro-wells also changes the cellular envi-
ronment overtime making it difficult to provide clear biological interpretation of the
oxygen consumption data. Similar approaching are demonstrated by Ana S. Lopes
et al for embryo oxygen observation. The chamber is larger in this case shows a
more stable environment, but it also takes longer for the oxygen to diffuse and the
average concentration data is very poor on time resolution. To solve this problem,
the oxygen gradient is measured by moving a Clark-type oxygen sensor up and down
along the chamber to measure oxygen concentration at different locations as shown in
Figure 2.11 D[ref76]. This requires the sensor to be sensitive and small in size, where
electro-chemistry sensor seems to be a good alternative[88]. However, electrochemical
sensors has their own limitations of significant oxygen consumption. To maintain a
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constant environment for cell, XX shows a modified design where a perfusion flow is
externally connected to the system. But this perfusion flow is perpendicular to sensor
tip, which can have a trade off of the signal. Overall, cell chamber based technology
is good for isolate cell measurement, but to maintain a constant local environment is
a limiting issue that need to be carefully addressed. Also, when aim for cell in their
more natural environment: surrounded by other cells in cell chamber, tissue slides or
even in vivo, the cell chamber based technique are not applicable.
Figure 2.11 (a) Simulation of air flow through a glass capillary; (b) velocity profile of air close to the capillary
walls; (c) image of VD treated capillaries of different lengths deposited with carbon to varying extents; (d) velocity
plot of air across the mid-point of glass capillaries of different lengths.
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Chapter 3: Electochemical Nano-Probe Development
Carbon nano-tube has demonstrated its successes in intracellular investigation field
in many previous works as we reviewed. However, most of carbon nano-tube based
probes can only be used in research labs, because manual assembling is a necessary
step to fabricating these probes which difficult to repeat or bulk fabricate. Compare
to existing cellular probes, carbon nano-pipette(CNP) is an alternative approach.
CNPs reserved most advantages of carbon nanotubes as single cell probe. Their tip
diameter can be as small several nanometers; these tips can have a high aspect ratio
while mechanically strong and flexible for cellular manipulations; the carbon material
is electrically conductive and cell compatible. Other than these carbon material-
related advantages, CNPs are easy to fabricated. We can have a great control of their
geometry as will be shown here in this chapter. These CNPs are also be bulk fabri-
cated and cost less than those assembling probes. Considering these factors and the
features we’ll discuss in this chapter, CNP makes good candidate for electric signal
measurement of cellular . Dr. Bau’s research group first used these pipettes for cel-
lular investigation[35, 89, 90, 91]. Dr. Gogosti’s group modified the CVD conditions
to fabricate the carbon nanopipettes without metal catalyst and more suitable for
electrochemical measurements[45, 92, 30]. Following previous work, in this chapter,
we developed CVD processes to fabricate four types of CNP structures with high
repeatability. We then characterized each types of CNPs by electrochemical method
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and microscopic method. Each CNP types’ specialities and possible applications were
studied and revealed via these characterization work.
3.1 Carbon Nano-pipette Fabrication
Basic carbon nanopipettes (CNPs) fabricating procedure in this work are based on
relative publications and previous experimental data of our lab.[45, 92, 30] A quartz
capillaries(1.0 mm o.d., 0.3 mm i.d. or 1.0 mm o.d., 0.7 mm i.d.,or theta 1.2 mm o.d.,
Sutter Instrument Co.)are heated and pulled apart into two quartz nano-pipettes
by a laser pipette puller(P-2000, Sutter Instruments). Depending on the pulling
parameters, the nano-pipettes can have a tip diameters of 10-200nm. A layer of carbon
were then deposited at the inner surface of these glass nano-pipettes via chemical
vapor deposition (CVD) method. Specifically, the pulled pipettes were laid on a
quartz boat and delivered into the chamber of CVD furnace. The chamber is then
sealed and heated up to 875 or 900 degree C with argon gas(flow rate 200-300 sccm)
as the protection gas. When temperature reached the set point, methane(180-250
sccm) was flushed into the tube as a carbon source for 30-180 min depending on the
applications while argon kept flowing as protecting gas. The relatively large flow
rate used in this step was carefully selected based on TEM and SEM observations.
The mixed gas flow of high convection is the key of ensuring carbon deposition only
accumulated on the inner wall of the quartz pipette. It is because the methane need
to reach a certain temperature and collide a number of times before decomposed
into carbon and H2. On the outer wall, selected gas flow rate, most of the CH4
molecules could only collide onto the quartz wall once before bounced away, which
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is not sufficient to form carbon position. Inside the glass pipette, the spread of
methane molecules depends mainly on diffusion and has a lower flow rate compare
to the external convection flow. And the gas were confined in very small geometry
especially at the tip. The trapped methane molecules will have more chance to get
heat up and collide multiple times with the pipette wall to form a carbon layer.
Many factors including pipette shape and diameter, thickness of the quartz wall,
gas flow rate, ratio of methane and argon, temperature, even the tube-gas alignment
orientation will affect on the carbon deposition during CVD process. Previous works
of our lab evaluate some of these factors on the carbon deposition both computation-
ally or experimentally. Riju Singhal built a Comsol model to simulate the temperature
distribution in CVD furnace and quartz pipette[30, 45]. He found that under same
CVD conditions, longer the pipette, more carbon deposition formed inside it(Figure
3.1). More factors and their influence on carbon deposition were discussed in this
work experimentally, through electrochemical method as Cyclic Voltammetry(CV)
and TEM imaging.
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Figure 3.1 (a) Simulation of air flow through a glass capillary; (b) velocity profile of air close to the capillary
walls; (c) image of VD treated capillaries of different lengths deposited with carbon to varying extents; (d) velocity
plot of air across the mid-point of glass capillaries of different lengths.
One experimental observations is that thin-wall(wall thickness = 0.125 mm) pipettes
are more likely to filled completely with carbon and form closed pipette compare to
pipette with thicker wall (wall thickness =0.35 mm). We also noticed that having the
pipette tip point against the gas inflow during the CVD process is more likely to make
the completely filled carbon pipette(Closed-CNPs). Specific fabrication parameters
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we used and concluded for each types of CNPs are attached in the appendix A.2. The
pulling and CVD parameters may change slightly at difference facility. One can turn




Zeiss Supra 50VP scanning electron microscope (SEM) was used to characterize sur-
face morphology of the fabricated nano-electrodes. The side view of the CNP images
was used to characterize the tip geometry, smoothness, and the top view show the
cross section of it. .The 3-5 kV gun voltage was used to take side view images and 1.5
kV 2 kV was used for top view images with a typical working distance of 4 mm. From
the side-view images, we notice that the CVD deposited carbon copied the shape of
its outer glass wall and formed a smooth and uniform surface. Figure 3.2shows the
SEM images of different types of CNPs.
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Figure 3.2 SEM images of lab-made carbon pipette: (a) Closed CNP ; (b) Open CNP (c)Closed Theta CNP;
(d)Open Theta CNP
TEM technique were used to exam the inner situation near the tip of the car-
bon pipette. JEOL JEM-2100 transmission electron microscopy (TEM) was used to
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characterize the carbon distribution and the thickness of the carbon later inside the
glass layer near the tip(Thanks Olya for taking images and CRF for training and
facilities). The CNP was attached to a grid (PELCOR Hole Grids, Copper.) in such
a way that the end of tip was shown in the hole, and the rest of the pipette was cut
off. A relatively low electron beam voltage of 200kV was used to reduce charge/heat
accumulating effect on glass layer. From the TEM images, we can conclude that 1.
the CVD deposit carbon is amorphous carbon;
2. the carbon layer is contentious from the tip or very close to the tip (about
100nm from the tip)to the other end;
3. the carbon film is uniform in shape and morphology.
3.2.2 Cyclic Voltammetry
Cyclic Voltammetry is one of the most common and widely accepted method to eval-
uate new electrochemical system. The CNP’s performance as nano-electrode for elec-
trochemical measurement was characterized by carrying out cyclic-voltammetry(CV)
tests in redox electrolyte solution as shown in Figure 3.3. A 20 mL aqueous so-
lution of 1mM FcMeOH as the re-dox specie and 0.1 M Potassium Chloride(KCl)
as supporting electrolyte was prepared for the test. Two-electrode setup was em-
ployed for voltammetry experiments with either a 0.5 mm Pt wire(BASi MW-4130)
or a 0.25-mm-diameter Ag wire coated with AgCl was serving as a reference elec-
trode. To make the CNP a working electrode,a copper wire was inserted into the
pipette to make electronically connect with the inner carbon layer and attached to
the pipette by epoxy. Voltammetric experiments includes in chapter 3 and 4 were
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carried out with Gamry Reference 600 potentiostat(Gamry Instrument), Bio-Logic
VSP potentiostat (Bio-Logic Science Instruments SAS), BAS-100B electrochemical
workstation(Bioanalytical system, West Lafayette, IN) or EI-400 bipotentiostat (En-
sman Instruments, Bloomington, IN) inside a lab-made Faraday cage. In most of
these test, CV swipe from -0.5V to 0.5 V was done for 2-20 cycles.
Figure 3.3 (a)schematic of quartz pipettes point against the flow convection in CVD chamber; (b)schematic of
two electrodes cyclic voltametry experiment set up
Department of Electrical Engineering Drexel University
42
3.3 Open Carbon Nano-Pipette
The cross-section view of the lab-made open carbon pipette tip is a ring shape with
a diameter of 50-200 nm as demonstrated in SEM images(Figure 3.2). The TEM
image shows that a thin layer of carbon deposited inside the quartz wall and left a
path in the middle of the pipette(Figure 3.4). To make open these CNPs, a 30 min
CVD at 875 degree C was used, with the original quartz pipette tip point against the
flow direction. If the CNPs were used for intracellular injection, after CVD, the tips
of CNPs was dipped into hydrofluoric(HF) acid solution for 10-60 second remove the
glass from the tip, and expose the carbon tip as shown in the side-view SEM images
in Figure 3.2.
We also evaluated the open CNPs properties as electrochemical nano-electrodes
by using it as working electrode to carry out Cyclic-Voltammetry testings in 0.1 M
K3Fe(CN)6 solution. The shape of the CV curves recorded by open CNPs are very
similar to the ones from recessed macro-electrode, but the peak current of its CV
curve gradually increased with the cycle number. This can be explained by the tip
structure of the open pipette. While the open CNP was immersed into the solution,
capillary force will drive some solution get into the pipette and trapped in side the
hollow path in the middle of the CNP. The redox species contained in solution can
be oxidized or reduced at the carbon nanoring exposed to external solution or at
the carbon surface inside the pipette. The measured current is a combination of the
current from the ring shape carbon tip at the end and the inner carbon layer. At
the carbon ring tip, because the small size of the tip, a small steady state diffusion
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current can be measured; At the inner carbon wall, the trapped electrolyze quickly
get exhausted and a peak can be observed. As cycle number increase, more and more
solution filled into the hollow path of the open pipette with time, caused the measured
peak current value to increase during the measurement process.[50, 93]
Figure 3.4 Characterization of open CNPs: (a) TEM images ; (b) Cyclic-Voltametry of open CNPs (two electrodes
mode)
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3.4 Closed CNP
Closed CNPs are typically fabricated by CVD the quartz nano-pipette for 3 hours at
900 C, with pipette tips point along with the flow direction. A TEM image of the
close CNPs and their CV curves are shown in the Figure3.5. The deposited carbon
completely filled the quartz pipette for a couples of microns from the tip, and then
formed a hollow carbon tube inside the quartz pipette afterward. The CV traces of
the close CNP acquired from 1 mu M Potassium ferricyanide(K3Fe(CN)6), 2.7 mu M
Potassium ferrocyanide(K4Fe(CN)6) and 1,1 ferrocenedimethanol(FeMeOH) in KCl
solutions are shown in Figure 3.5. In Potassium ferricyanide solution, a reduction
current appeared and kept increasing with cycle numbers. The close CNPs forms a flat
carbon disk at their tips, there CV curves are similar to micro-electrodes. According
to the limiting current of oxidation of Potassium ferrocyanide(orange curve), the CNP
was performing as a 1.6m-radius Pt electrode. There is no re-dox peaks on the CV
curves, and because the small size of the tip, a steady state diffusion current can be
measured in Potassium ferrocyanide and ferrocenedimethanol solutions.
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Figure 3.5 Characterization of closed CNPs: (a) TEM images. Inset: zoom in image of the tip ; (b) Cyclic-
Voltametry of close CNPs (two electrode mode)in K3Fe[CN]6 solution; (c) Cyclic-Voltametry of close CNPs in 1
muM Potassium ferricyanide solution(left), 2.7 muM Potassium ferrocyanide solution(right, orange) and 1,1 fer-
rocenedimethanol solution(right, green). In all CV testing, 0.1 M KCl are used as supporting electrolytes.
However, even with the same CVD parameters, the actual carbon deposition con-
dition may has some fluctuations from bunch to bunch, some extra carbon(a nanome-
ter range thin layer or aggregations) may get deposited on the outer wall of the quartz
pipette. When close CNPs are used as electrochemical probes, these extra carbon are
not well shaped can cause an unknown increase in electrodes area and bring calibra-
tion difficulties. To better control the randomness, modified close CNPs are developed
base on their applications.
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For trans-membrane potential measurement, after CVD process, the quartz layer
at the tip of the CNPs are etched by EF acid solution for 10-60 seconds and rinsing
with DI water. This step formed a short carbon nano-tip that is bio-compatible and
have a glass isolating/sealing layer from 1-5 m above the tip. The possible extra
carbon depositions at the outer glass wall are naturally removed in this step.
For electro-chemical measurement where a disc shaped electrode with known sur-
face area is preferred, the extra carbon can be removed by slightly oxidate the carbon
at the tip. After CVD, the close CNPs are reheated to 400-430 degree C in at-
mospheric air condition for a few seconds. At this temperature, carbon can slowly
oxidized by oxygen. Theoretically, the carbon at the out wall get consumed faster
then inside because oxidation etch the carbon layer by layer radially.
This oxidation process was also used to prepare CNPs with a nano-cavity at
the tip for Pt black deposition. The Pt black tip can improve the probes stability
when doing measurements of ROS and RNS in a proximity of biological cells. The
oxidized CNPs was biased to 150 mV vs. AgAgCl reference in the platinization
solution using a BAS-100B electrochemical workstation(Bioanalytical Systems, West
Lafayette, IN, USA). The platinize process can be controlled by observing diffusion
limited current at the CNP. The process was stopped when current reach the target
value of 40 pA. The CV curve acquired from the CNP before oxidation (blue line),
after oxidation (black line) and after Pt deposition (red line) is shown in Figure 3.6
b. After oxidation, the diffusion limiting current of FeMeOH measured in the same
solution decreased, indicating the recess of carbon surface at the CNP tips. After
platinize, the diffusion limiting current increased, and the CV curve is very similar
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to the blue curve, indicating that the deposited Pt black filled the cavity without
significant excess[5].
Figure 3.6 (a) Current transient of the Pt black deposition; (b)CV traces of 1 mM FcMeOH in 0.1 M KCl obtained
at a CNP before putting it in the oven (1), after annealing (2), and after platinization at 100 mV vs. Ag/AgCl (3).[5]
3.5 Nano-Sampler
The so called nano-sampler is a new type of CNP that has a distinguish structure
and shows a different CV curve compare to open and close CNPs. One will notice
from the TEM image (Figure3.7) that the probe have almost no carbon deposition
at the very tip, but from several hundreds micron above the tip, the pipette channel
was filed with carbon. There is a clear boundary where carbon completely filled the
quartz pipette and forms a 400-1000nm depth open chamber at the tip where a nL
to pL volume of sample can be trapped inside it. The CV test results cross-validated
with the structure features of nano-sampler probe. The shape of the CV curve is
very similar to the one from open pipette, but the diffusion limited current peaks
are not increasing with cycle numbers. The two re-dox peaks can be explained as
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the nanosampler trapped a small amount of solution in its tip where the electrolyze
quickly exhausted during CV test. On the other hand, the volume of the chamber is
fix, the amount of the trapped solution won’t increase with time, so the peak values
do not increase with cycle numbers.
sampler-01.png
Figure 3.7 Characterization of Nano sampler CNPs: (a) TEM images. Inset: zoom in image of the tip ; (b)
Cyclic-Voltametry of close CNPs (two electrode mode)in K3Fe[CN]6 solution; (c)Nano sampler measure K3Fe[CN]6
concentration test: plot of peak current of cyclic-voltmeter vs. concentration.
3.6 Theta CNP
Another new type of CNP developed in this work is the theta CNP(close and open).
Theta CNPs are fabricated by same steps as other CNPs, but instead of pulling
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the single channel glass pipette, here we use double channel glass pipette at the
first fabrication step. The double channel pipette is cylinder shaped with a quartz
separator in side and divided the tube into two separate channel. The cross section of
the theta pipette is like a greak letter theta. After CVD process, to better separate
and show the two carbon electrodes formed in the two channels, the outer glass was
etched by HF acid solution and rinsed by DI water. With different CVD parameters,
the two electrodes of theta CNP can be solid(Close) or hollow(Open). The SEM
images of both closed and open theta CNPs are shown in Figure 3.2.
Theta CNPs provide solution for applications where two electrodes are needed
in a small volume, and potentially very useful tool for single cell applications. The
two carbon electrodes can be used as working/reference electrode respectively. The
CV curve acquired from theta CNP in bulk K3Fe(CN)6 solution is shown in Figure
3.8. The possible reason for the existing of the diffusion limited current peaks is
that the solution trapped in between the two closely positioned electrodes are quickly
exhausted during the measurement. The slightly asymmetric of the two peaks’ voltage
value over the origin may caused by the asymmetric of the two electrodes of the theta
CNP. We also tested the theta CNP’s performance in a small volume of electrolyte
solution, mimicking measurement at cell size. The experimental setup are shown in
Figure 3.8. A small drop of solution is put on a glass slide, a layer of microscope oil
is covered on the solution drop to prevent evaporation and mimicking the cell lipid
membrane. The tip of a theta CNP was then immerse into the inner solution and
take CV measurement. The whole process was operated under a micro-scope. The
CV result also shows re-dox peaks as in bulk solution. Notice that the peak current
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is also very small, in handruds of pA range. This might because the electrodes were
polluted by oil and have smaller effective surface area for the measurement. This can
also explain the increment in asymmetry compare to bulk solution tests.
Figure 3.8 Cyclic-Voltametry Test of Theta CNPs: (a) experimental setup for CV test in small volume of solution
that is compatable to cell volume . Inset: Confocal microscope image of the experimental setup; (b) CV curve recorded
from the theta CNP inside the small drop of K3Fe[CN]6 solution; (c)Experimental setup of testing theta CNP in bulk
K3Fe[CN]6 solution; (d) CV curve from the theta CNP.
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Chapter 4: Electrochemical Nano-Probe Applications on
Femtoliter volume measurement and single cell investigation
In this chapter, the single cell applications of the various types of CNPs developed in
the previous chapter was experimentally evaluated and characterized. With a hollow
channel, the open CNPs are tested for fluid transfer. Based on the characterization
experiments and results, we demonstrated CNPs could be utilized as a nano-electrode
for potentiometry measurements and electrolyte detecting/analyze. Collaborating
with Dr. Mirkin’s group, we explored various applications of all types of CNP based
probes.
4.1 Intracellular Injection
With the lab-made open carbon nanopipette, we successfully injection solutions into
individual cells. The confocal microscopic images of the cells before and after injection
are demonstrated in Figure 4.1 a,b,c. As mentioned, the open CNP was etched to re-
move the glass layer at the tip for intracellular injection. Fluorescent aqueous solution
was loaded into the open CNP from its wider end by Micro-loader tips(Eppendorf).
The CNP was then connected to a pressure pump and guided by a micro-manipulator
to perform the injection. The injection process was recorded by the microscope. With
a constant small pressure of 1-2 hPa(1hPa = 100 Pa), we respectively inject the flu-
orescent solution into cell 1 and 2 with same open CNP. Figure 4.1 b,c were taken
at the moments of two injections. Figure 4.1 d shows the fluorescence intensity over
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time at area 1 and 2 as labeled. Notice in the first injection, area 2 of the other cell
is closer in distance to the tip position than area 1 of the aimed cell, but only area
1 light up, verified that the mechanics of injection was the penetration of membrane
instead of diffusion.
Figure 4.1 Open CNP for intracellular injection. (a,b,c) combined bright field and fluorescence images. (a)
before injection; (b) injecting into first cell; (c) injecting into second cell; (d) Injected fluorescene solution fluorescent
intensity(unitless) plot vs. time at area 1(orange) and area 2(blue)
The cell’s calcium response was also recorded during the injection as an well
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accepted indicator of cell’s viability. One could expect the calcium level kept in
a constant range without any external disturbance happens. In this experiment,
before injection, the cell was preloaded with calcium sensitive fluorescent dye(fluo-
4, am).The calcium level is proportional to the fluorescent intensity of fluo-4,am.
Figure 4.2 demonstrated two different intracellular calcium response curve during the
injection. Figure 4.2 (a) shows a successful injection with little invasive to cell by lab-
made open CNP(100 nm in diameter), figure 4.2 (b) shows a unsuccessful injection
that damaged the cell by a large glass pipette(300-500 nm in diameter). For both
curve, at the time of injection, the fluorescent intensity shows a sharp increase. The
glass pipette injection has a larger increase in amplitude compare to the CNP one,
indicating a larger disturbance to cell during this process. In addition, after retrace
the pipettes, the calcium level of the second cell does not return to its original value,
indicating the cell was damaged during injection.
Figure 4.2 Demostration of fluo-4AM fluorescent intensity vs. time for (a) minimum-invasive injection and (b)
invasive injection
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4.2 Cell Electro-physiology
With carbon as the tip material and the small size of the tip, this probe also has been
justified that has miminum invasive on human cervical carcinoma (HeLa) cells.[36]
In this work, we demonstrated the use of the lab-made CNP for trans-membrane
electrically measurement. For intracellular applications of trans-membrane voltage
measurement, small tip diameter of nanometer scale is preferred. To take advantage
of mechanical and biological advantages of the inner carbon layer, the glass at tip
of the CNP was etched off. Confocal microscope was used to observe the changes
of cell calcium level during the experiments. The two electrode set ups is shown in
figure 4.3. The reference Ag electrode was placed in the cell petri-dish and the tip
was merged inside the cell medium. The working electrode-CNP was attached to a
micro-manipulator(InjectMan NI2, Eppendorf). Under the supervise of micro-scope
observation, the CNP was manipulated to moved to the cell location and penetrate
cell membrane. During the penetration, the potential difference between the CNP
and reference electrode was recorded by the CNP while the fluorescent intensity of
the cell was recorded by the microscope.
Both potential difference and the fluorescent intensity of the cell was plotted as
a function of the time in Figure 4.3. The chicken fore brain neurons(cultured for 3
days in F12H medium at 37 degree C after plated. Neurons are provided by Prof.
Gianluca Gallo, Temple University) are used in this experiment. From the poten-
tial record, before penetration, the CNP measured potential was relatively stable at
around 300 mV. At the penetration moment, the potential reduced to 230 mV. The
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measured trans-membrane potential of about -70 mV is within the range compare to
literatures[94, 95]. This result can be considered as a preliminary indication of fea-
sibility of membrane potential measurements with CNPs. Compare the open circuit
voltage plot and the fluo-4AM fluorescent intensity plot, the time where the cell fluo-
rescent indemnity suddenly increased indicating the moment of penetration, the rapid
potential drop of 70 mV was also observed from the potential plot. This coincidence
suggest the open circuit voltage measured from CNPs can be used as an indicator of
membrane penetration for applications like molecule transportations without the help
of fluorescent labels that can be invasive to cell viabilities. The same measurement
were also carried out successfully on a Hela cell and potential drop of 110 mV(40mv
to -70mV) was recorded at the moment of penetration.
Figure 4.3 CNPs for cell transmembrane potential measurement. (a)epxerimental set up; (b)plot of open circuit
voltage measured by the CNP and the fluorescent intensity recorded via confocal microscope vs. time
Similarly, as a preliminary indication of feasibility of membrane potential mea-
surements with platinized nanoprobes, platinized CNPs was used for transmembrane
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potential measurement of a MCF-10A cells(human breast epithelial cell line). The
potentiometric response of a platinized nanoprobe was recorded as a function of the
displacement in Figure 4.4. As long as the tip was in the solution and relatively far
from the cell, its potential was essentially stable within about 1 mV. At the moment
of penetration, the measured potential abruptly shifted to less positive values cor-
responding to the negative membrane potential of a mammalian cell. The potential
shift of about 15 mV is within the range of membrane potential values reported in
the literature (e.g., 58.6 to 2.7 mV reported for MCF-7 human mammary tumor cells
in[96]).
Figure 4.4 Potential vs. distance dependence obtained with a platinized carbon nanoprobe approaching and
penetrating an MCF-10A cell in PBS solution. The approach speed was 10 nm/s. The tip was moved from external
solution (1) into the cell (2)
4.3 ROS/RNS Sensing
To electrochemically detect reactive oxygen and nitrogen species(ROS and RNS) in bi-
ological system with a nanometer Pt or other smooth metal nanoelectrodes electrodes
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was difficult. With the small surface area of nanoelectrodes, the reactive oxygen and
nitrogen species (ROS and RNS) could passivate the nanoelectrode and diminish the
signal[24]. The developed platinized CNP maintain a small tip size of around 100nm
but increase surface area significantly and increases the exchange currents and can
be used for intracellular ROS and RNS measurements. The capacity of platinized
carbon nanoprobes for detecting ROS and RNS is similar to that of previously re-
ported platinized Pt electrodes [97]. For example, a voltammogram of nitrite (NO2-;
black curve in Fig. 4A) is comparable to those obtained previously with similarly
sized platinized Pt electrodes[97]. Linear calibration curves were obtained from the
families of such voltammograms (Fig. 4B).
4.4 Sampling and Analyzing
Sampling ultra-small volumes of liquids for analysis is essential in a number of fields
from cell biology to micro-fluidics to nano-technology and electrochemical energy
storage[98, 99, 15, 97]. The two alternative strategies for for electrochemical exper-
iments in ultra-small volume subjects are either to take measurements in situ (e.g.,
inside a biological cell[56, 100]) or to sample solution for subsequent analysis (e.g.,
in a pico-liter vial[101]). The former approach may be more straightforward, but
not always feasible, while the latter requires a suitable tool for solution sampling and
transfer. The sampling devices are often plagued by the common problem a relatively
large tip size. Additionally, the sampled solution must not be significantly diluted or
contaminated before the analysis.
The possibility of using the previously developed nano-sampler CNP for sampling
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attoliter-to-picoliter volumes of fluids and determining redox species by voltammetry
and coulometry is evalulated here as a preliminary test for their feasibility of doing
intracellular sampling. Very fast mass-transport inside the carbon-coated nanocavity
allows for rapid exhaustive electrolysis of the sampled material. The nanosampler
probe was used to determine the numbers and concentration of the solution species.
The number of redox molecules sampled inside a CNP can be found by integrating
their oxidation or reduction current. For accurate analysis, the contribution of the
steady-state diffusion current from the external solution and the double layer charging
current have to be subtracted. At a relatively slow scan rate (e.g., 500 mV/s; Figure
4.5) and a deep cavity, the charging current(curve 2) is less important, but the steady-
state (curve 1) component can be significant. The colored area under the peak and
above the steady-state curve corresponds to the charge, QFc = 5.7 x 10-11 C and
NFc = 5.9 x 10-16 mol of FcMeOH sampled in the cavity.
Figure 4.5 (a)Evaluation of the amount of analyte in the nanocavity from voltammograms. Voltammetric responses
of a 100 nm radius nano-sampler probe in 1 mM FcMeOH 0.2 M KCl aqueous solution, scanning speed v = 500 (1)
and 10 (2) mV/s. (b)Evaluation of the analyte concentration from CNP voltammograms. Voltammetric response
of a 30 nm tip radius nanosampler probe in 0.2 M KCl aqueous solution containing 1 mM FcMeOH and 7 mM
Ru(NH3)6Cl3,v= 10 V/s.
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While the number of sampled redox species can be evaluated from the integrated
current without any information about CNP geometry, to determine the concentra-
tion of redox species from CNP coulometry, one needs to know the volume of the
sampled solution. This quantity is not easily accessible, but it can be determined by
adding to the solution a known concentration of the second redox species to be used
as a standard. The nanosampler calibration is illustrated by Figure 10, which shows a
voltammogram obtained in a 0.2 M KCl solution containing 1 mM FcMeOH and the
unknown concentration of Ru(NH3)63+ (7.0 mM). From the pair of FcMeOH oxida-
tion/reduction peaks (the mid-point potential 230 mV vs. Ag/AgCl; the difference
between the anodic and cathodic peak potentials is due to the resistive potential drop
inside the CNP), one can find the total charge of oxidation of FcMeOH within the
cavity, QFc = 0.83 pC. This corresponds to the cavity volume, V = 8.6 x 10-12 cm3 =
8.6 fL . The charge equivalent to the complete reduction of Ru(NH3)63+ within the
same cavity is QRu = 5.8 pC, and the concentration of this species can be evaluated
as cRu
∗ = cF c∗QRu/QF c = 6.9mM in good agreement with the actual value of 7.0
mM.
The nano-sampler probe is potentially useful for solution sampling from biological
cells, micropores and other microscopic objects. Compare with other existing sam-
pling device, the nano-sampler probe has a tip size of less than 100 nm in diameter
makes it suitable for intracellular sampling. And the small volume of the sampling
chamber prevent the sampled solution from significantly diluted or contaminated be-
fore the analysis.
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4.5 Other applications
The unique geometry of the open CNPs provide a conveniences and non-contaminated
way compare to other methods[102, 103, 104, 105, 106] to control the surface charge
and chemical state of the inner pipette wall by applying a potential to the carbon
layer and can be used as current rectification sensor and resistive-pulse sensor[91]. The
experimental setup is shown in Figure 4.6. A copper wire was connected inserted into
the CNP from its cylindrical end and connected to the inner carbon layer. Electrolyte
solution was loaded in the CNP. This CNP was then inserted into a plastic pipette
with the CNP tip went through the plastic pipette tip, and the CNP tail fitted
tightly with the plastic pipettes inner wall. The plastic pipette was then filled with
solution, and a reference electrode(Ref 2) was insert into it, without contact with
CNP. The tip of CNP was then placed in an external solution as well as another
reference electrode(Ref 1). During experiment, the ion current through the CNP was
induced by applying voltage between Ref 2 and Ref 1. As expected, a essentially
linear current-voltage (IV) curves were obtained with relatively large CNP tips (a=
650 nm) showed significant current rectification indicative of the negatively charged
carbon surface.
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Figure 4.6 Evaluation of open CNP as rectification sensor and resistive-pulse sensor. (a)Schematic of the ex-
primental set up; (b)current rectification curves from open CNPs. The carbon layer biased at different potentials
in 15 mM NaCl + 10 mM PBS (pH 7.3). From top to bottom, the carbon bias (mV) was +500 (orange),110 mV
(red), 200 mV (black),300 mV (green),400 mV (blue), and500 mV (purple) vs internal Ag/AgCl reference.a= 240
nm; (c)Currenttime recordings obtained with a 150 nm-radius CNP in 15 mM NaCl + 10 mM pH 7.3 phosphate
buffer. Solution contained 0 (trace A) and 5.6 nM (trace B) of 100 nm diameter AuNP-antibody-PSA.V= 100 mV.
The baseline current was 10.3 nA (A) and 10.7 nA (B). The carbon layer was at an open circuit potential.
The rectification exhibited by small CNPs is more pronounced than that observed
previously with similarly sized quartz pipettes at the similar pH and ionic strength
[107]. This points to the significant negative charge density on the carbon surface in
neutral aqueous solution[108, 109]. The current rectification is expected to become
more pronounced with the increasingly negative surface charge, i.e., when a significant
negative potential is applied to the carbon layer. This effect can be seen in Figure
4.6 B. When the carbon layer was biased at the open circuit potential (-110 mV
vs. the internal reference electrode; red curve) or a slightly more negative potential
(e.g., -200 mV; black curve) only minor current rectification was observed using a
relatively large CNP (tip diameter = 240 nm). The rectification increased markedly
with increasingly negative carbon bias (e.g., -500 mV; purple curve). In contrast,
when the carbon surface was biased positively (e.g., +500 mV; orange curve), the
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rectification disappeared completely and the corresponding i-V curve became linear.
The possibility of reversibly changing the surface charge of the inner pipette wall
suggests that a CNP can also be used as a versatile resistive-pulse sensor whose
properties can be adjusted to detect a specific analyte. The feasibility of resistive-
pulse sensing with CNPs is tested with Au nanoparticles with covalently attached
monoclonal primary antihuman PSA antibodies and prostate specific antigen (AuNP-
antibody-PSA) in the external buffer solution. The 40 to 60 nm diameter of these
NPs make them a convenient model for our proof-of-concept experiments as shown in
Figure 4.6. The current vs. time data are recorded when a positive potential(+100
mV) was applied to Ref 2 with respect to Ref 1. Trace A was obtained with no
nanoparticles, while trace B was obtained with NPs in solution. A number of pulses
with the current changes much larger than the noise level can be seen in trace B.
Compare to quartz nanopipettes, CNP based resitive-pulse sensor properties are very
different. To detect the same NPs, quartz pipette needed a much higher voltage
between Ref1 and Ref2 (+600mV). Thus, a open CNP probe can work as a tunable
resistive-pulse sensor. The ability to vary the charge on the carbon surface can be
useful for changing the translocation time of charged analytes, e.g., slowing down the
translocation of DNA to facilitate its sequencing.
4.6 Summary
In this chapter, we explored the possible applications of the lab-made CNPs and
demonstrated preliminary results to show their feasibilities. Base on these discussions,
we can conclude:
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1. CNPs with it unique properties(small in size, mechanically stiff, bio-compatible)
provided an excellent intracellular probe solution, for various of applications like
transporting solutions, electrophysiology measurement.
2. Collaborating with Dr. Mirkin’s group, we further explored their possibility
for other related applications. As discussed above, closed nanopipette and Nano-
sampler can be directly used to electrochemically sense the re-dox species and a
future platinized CNP can be used for ROS/RNS species sensing; the closed pipette
was also demonstrated their capability to sensing potential differences; while the open
CNPs have unique advantages to be used as a tunable resistant-sensor.
3. The lab-made CNPs tips size are from hundruds to tens of nanometers, and
can be used as SECM tips for high resolution surface mapping.
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Chapter 5: Perfusion Micro-Probe Development and
FEM-Based Design
In Chapter 3 and 4 we developed and characterized carbon nanopipettes and their
applications as an intracellular probe. These nanoprobes can also works as extra-
cellular electrochemical scanning probes for cell metabolism mapping. While the
developed nano-probes show their excellent performance, not all the cell functions
could be reflected and detected by electrical-based method. In this chapter, we de-
signed an extracellular micro-probe that works as a plat-form and can be integrated
with sensors based on various detection method for cell metabolism investigation.
With it micro-meter range tip diameters, these probes has the advantages of collect-
ing metabolism fluxes from the entire cell surface, controlling cell local environment,
and even less-invasive compare to intracellular probes. Also, the absolute amount of
material exchanged between cell and extracellular medium varies from cell to cell not
only depends on their metabolic function, but also on their size, develop stage and
other factors. A historical patten of the metabolism is more convincing than absolute
value in this concern. With an elaborate design, our simulation result demostrated
the performance of proposed perfusion micro-probes on recording of the aimed flux–
oxygen– over a long time period, providing an intuitive, direct observation over the
cell metabolism. And shows their potential applications on cell function studies, such
as cancer diagnose and treatment and fundimental cell biology researches. Chapter
5 mainly discuss design preciples, analitical models and the development of a 3-D
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model of the probe. This 3-D model is verified by comparing with experimental ob-
servations of the flow conditions under same settings. In Chapter 6, this 3-D model is
used to simulate and discuss the performance of the proposed perfusion micro-probes
on oxygen consumption rate measuring.
5.1 Perfusion Micor-probe Development
The general purpose here is to develop an extracellular sensing probe with single cell
resolution for long-term study of cell metabolism. In all discussions, oxygen flux from
a single is selected as the target analyte.
5.1.1 Aimed Functionality
The small scale and delicate nature of single cell analysis present numerous design
challenges for single cell investigation devices. Conclude from the previously devel-
oped probes review in Chapter 2, the main difficulties of single cell extracellular
probes are: small in size limited the sensor surface area; small exchange amount re-
quires high sensitivity; an appropriate control volume that can both isolate disturbs
and maintain a constant environments; the needs for lively recording. In addition,
criteria such as maneuverability, safety and cost are also need to be considered.
The perfusion micro-probe is designed to solve the previous probes’ limitations
and have the following features: 1) consume no oxygen at cell location, long term
live recording 2) capable of control the cell local environment, provide nutrition and
transport metabolic waste 3) compatible to various sensor, like the electrochemisty
probe, fiber-optic probes,et al. 4) single cell resolution, but larger sensor can be used
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5) isolate aimed cell from other disturbance, increase signal noise ratio. 6) can be use
for isolated cell or cell in chamber 7) easy to fabricate and scale up to array 8) can
have sub-cellular resolution for single cell mapping.
5.1.2 Perfusion Micro-Probe Fabrication
The key advantages of proposed probe compare to currently existed approaches for
single cell measurement is brought by the highly localized perfusion flow and will
be discussed in this and next chapters. The micro perfusion flow can be formed by
various approaches such as micro-fabricated micro-fluidic chip, a pair of micro-tubing,
or a pair of pipettes. In this work, a lab made double barrow micro-pipette(theta
micro-pipette) with a tip diameter similar to a cell diameter are used to built the
perfusion flow. The theta micro-pipette was pulled from a 1.5 mm(outer diameter)
theta pipette by the same laser pipette puller that we used for CNP probes in chapter
3. A different set of pulling parameters were used to make the theta micro-pipette
has a tip diameter of nanometer to micrometer range.
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Figure 5.1 SEM images of theta pipette, side-view and top-view. A)Tip diameter of 10 m; B)Tip diameter of 300
nm
The micro-pipette was then connected with two pumps, one on each channel,
to provide suction and pressure respectively. The perfusion flow can be set up by
provide a positive pressure provided by a pressure pump, the injection channel of the
theta pipette delivery fresh medium to the cell and maintains a constant, controllable
extracellular environment which is critical for long-term investigation. Meanwhile, the
perfusion flow transmitted the post-interacted extracellular liquid from cell surface to
the sensors position inside the extraction channel.This brings another two significant
advantages. First, the sensors can now be placed far from cell membrane to have
no disturbing on cells functions during measurement taking place. Second, a larger
sensor size could be used which reduce the design difficulties for high resolution small
sensors.
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5.1.3 Methodology
The oxygen consumption rate measurement via perfusion probe is demonstrated as
an example to represent various metabolic species that exchanges between cell and
their local environment. Analytical, numerical and experimental methods are used
to discuss the perfusion micro-probe’s performance. In this perfusion flow system,
convection and diffusion are the two factors that determines the concentration distri-
bution of the species. We first considered an ideal case where the perfusion flow is
confined in a sealed geometry structure without any leakage. A simplified 1D analyt-
ical model of this ideal situation was built and solved in steps. The solution of this
model demonstrated that with perfusion flow, the overall metabolites consumption
rate can be computed by measure concentration difference at two locations. In an-
other word, the perfusion probe can directly measured the oxygen consumption rate.
A 3-D FEM model of the probe was then developed to include the more realistic and
complex geometry of the lab made micro-probe. We compared the results from it
with the analytical model and they shows some common trends. To further verify
the FEM model, we compared the computational results with experimental obser-
vations. Intuitive, if the flow rate is fast enough that the convection and diffusion
reach a balance, then even without a confining geometry, the flow itself is capable of
limiting the analytes’ diffusion and form a pattern in a small region. This intuitive
idea has been justified and realized in many microfluidics literature and was defined
as hydrodynamic confinement. As shown in later discussion, both the simulation re-
sults from the 3-D model and experimental results demonstrated that under certain
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conditions, a confine fluid pattern can be formed near the tips of the perfusion probe.
A comparison between the model and experimental results verified the feasibility of
the developed FEM model. To save the complications of experimental demonstration
and focus on developing the perfusion probe’s applications, the FEM model was then
used to evaluate the probes’ performance in Chapter 6.
5.2 Working Principle–Analytical Model
A 1-D analytical model is developed to solve the analysts concentration distribution
within an ideal sealed perfusion system. We will show that the solution form of this
problem indicate a direct relationship between the concentration measured by sensors
and the cell metabolites consumption rate.
As mentioned, two main effects need to be considered in this model: diffusion
and convection. Take dissolved oxygen as the aimed metabolite for example, the
processes that the oxygen molecules went through inside the theta perfusion pipette
is shown in Figure 5.2. To arrive to the simplified 1-D model, one can replace the true
3-D concentration, velocity and consumption/production fields, by their flow cross-
section averaged quantities, while consider only variation of these averaged quantities
along the flow direction(This approach is justified when the dimension along the fluid
flow is much larger than the other dimensions) . To be specific, as shown in Figure
5.2, assume flow direction is from left to right on x-axis, the cell was represented
as a consumption region with a width of 2b, centered at the origin of the x-axis,
with a consumption rate of R = Q/V olume = 10−20mol/s · µm3, Q is the typical
single human prostate benigh(PrEC) cell oxygen consumption rate = 10−17mol/s.
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The inlet/outlet of the flow is located symmetric to origin at distances equal to -d
and d. Assume b is far less than d. Starting from t = 0, a medium with known
oxygen concentration C = 250µM(saturated oxygen concentration in water at room
temperature) is flowing from the inlet(x = −d) through the consumer to the outlet
at a velocity=V. At the outlet (x = d), the flow reach the external environment, and
the concentration become known and equal to its initial concentration C again. The
diffusion coefficient was set to the same value everywhere in the system = 2×103µm2/s
(oxygen diffusion coefficient).
Figure 5.2 Illustration of the simplified analytical model of the oxygen solution, including diffusion, convection
and reaction interaction inside a perfusion probe. The long arrow on top shows that the direction of flow is from
the upstream to downstream medium. The red balls represent the dissolved oxygen molecules. The arrows on each
oxygen molecule shows its moving direction, which is a combined result of diffusion and convection. The deep blue
region with rings represents the consumer, mimicking a living cell that keeps consuming oxygen. In this region, the
dissolved oxygen concentration is reduced at a certain rate
The convection-diffusion equation that describe that transportation of dissolved
oxygen is:
D∇2C −−→V · ∇C = R + ∂C
∂t




C(x, t)− V ∂
∂x
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With these differential equations, we are solving for the oxygen concentration distri-
bution in the system.
Base on the symmetrical geometry and parameters/ coefficients setting of the
model, the reasonable solutions format of the above equations should be also sym-
metrical around origin when the velocity V is reduced to zero The following common
solution form of these equations satisfied the requirement:





Cl(x) = Bl · exp(V
D
x) + Al
Cr(x) = Br · exp(V
D
x) + Ar
Several boundary/initial conditions could be used to solve for Bm, Am, Bl, Al, Br,
Ar, –the six unknown coefficients in the solution. The first set of boundary conditions
can be applied here is the symmetric boundary conditions: at the fluid flow inlet(left
end of the model area, x=-d), and the outlet(right end of the model area, x=d) that
are far from the consumer regions (−b ≤ x ≤ b), the oxygen concentration are known
Department of Electrical Engineering Drexel University
72
and equate to C0 = 250µM . Insert these conditions to equation XX , we have
C0 +Bl · exp(−V d
D
) = Al
C0 −Br · exp(V d
D
) = Ar
Secondly, concentration should be continuous at the boundaries between the consumer
region and the upflow/downflow regions. Therefore,
−Bl · exp(−V b
D






Br · exp(V b
D





The last set of boundary conditions ensures continuity of the total flux across the
boundaries of the right/left regions and the middle region:
J = −D∂C(x, t)
∂x














Al − Ar = 2Rb
V
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Substituting (14b) into (12a) and (14a) into (12b), it can be found that:










Subtracting (11b) from (11a) and using (15):
Br · exp(V d
D
) +Bl · exp(−V d
D
) = Al − Ar = 2Rb
V
Multiplying (16a) by exp(-Vd/D) and (16b) by exp(Vd/D), adding the results and














































and, using the above in (11), we find:
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Having found the coefficients in the solution using appropriate boundary constraints,
the solution of the particular 1-D model is:




















As shown in the solution, with perfusion, the concentration obtained at any place is
directly related with consumption rate R without further derivations, suggesting that
by measuring concentration in perfusion system, one can directly measure the flux.
With perfusion flow, when the fluid velocity V is small that V b
D
 1, yet not too
small, that V d
D
 1 The solution of equation (4) can be simplified to








To be specific of the range of V for this simplified expression, we assume that a typical
metabolic spices that having D = 103µm2/s. In the pipette system, b is about 5µm,
d = 5cm = 5 ∗ 104µm, which is much larger than b. So, the estimated V should be
in the range of 0.2µ/s→ 20µ/s. Take oxygen for example, D = 2 · 103µm2/s, the V
should be in the range of 0.4µm/s→ 40µm/s.
From this simplified solution in this particular V range, the concentration dis-
tribution along x is only related to V, D and d. For a certain pipette the d is the
length of the pipette and is fixed. For a certain specie, the diffusion coefficient D is
a constant inside the system. The only factor that decide the concentration distri-
bution is V. For a certain flow condition setting at the in/outflow end, V is fixed,
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the amplitude of the concentration difference is proportional to R, means that the
measured oxygen concentration at x position can reflect and track the changes of
oxygen concentration of cell.
Also, it is important to see the extent to which perfusion can help with the mea-
surement of the consumption rate R. Without perfusion, V =0, the solution of the
convection-diffusion equation is:
C0 − Cr(x) = Rb
D
(x− d)


















→ 1 , and because we had exp(V d/D)  1, the













) > 1, so that A 1.
In summary, the simplified analytical model solution predicted the following trends
of the micro-perfusion probe system: 1. with perfusion flow, the oxygen consumption
or any other analytes flux can be detected by measure molecule concentration at two
locations remote from the cell; 2. tn the giving flow rate range, the perfusion can
amplify the measured concentration difference, and therefore, the signal; 3. the signal
strength measured at the sensor is first increase then decrease with the flow increase
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from zero to a large value.
5.3 3-D Model Setup
A 3-D model of the system is built in Comsol multiphysics software with reasonable
assumptions.
5.3.1 Length of the pipette
The lab made theta probes usually have a length that is grater than 3.5 cm. Figure
2.1 is a picture of the pipette tip. The very tip of the theta pipette up to 1 mm has
a conical shape, where the probe diameter increase almost linearly with the length;
but from 3 mm above the tip to the other end of the pipette, it has a cylinder in
shape, where its diameter is fixed and equal to 1.5 mm. We labeled these two different
regions as (a) and (b). Solving the oxygen concentration distribution of the whole
pipette numerically would be very time and CPU consuming and we only interest
into the small region near the cell and sensor position, which is in region a. Luckily,
the simulation result shows that solve the oxygen concentration distribution at cell
and sensor positions, only calculate region (a) would be enough. This is because with
perfusion, the flow prevent back diffusion and limited the influence of the pipette
length on oxygen concentration distribution near the cell chamber or sensor location.
The simulation result shows that even with perfusion flow velocity as small as 0.2
ml/s, the oxygen concentration at the outlet will not effect the oxygen concentration
distribution at the sensor or cell location(Figure 6.11). Base on these results, a 400
µm long truncated cone with a rectangle frustum separator in middle was used in
Department of Electrical Engineering Drexel University
77
the model to represent the theta pipette. To keep the symmetric condition settings
in the 1-D model, a constant concentration of 250 µM is applied to the inflow and
outflow boundaries of the two channel of the model.
5.3.2 Sensing Position
Measured from the SEM images, the typical tips have a half angle of 8.5 degree.
Assume the theta pipette used in the perfusion system has a diameter=20 µm. At
150 µm above the cell, the channel diameter is 32 µm, the area is around 10 times
larger than tip location. For the seek of higher sensitivity, the sensing position inside
perfusion probe is set far away from the tip, where larger sensor can be used.
Beside a benefit of larger area, put sensor far away from cell in perfusion probe
can effectively prevent probe-cell disturbance for constant long-term investigation.
Both electrochemical probe and nano-flame probe consume and compete with cells
for metabolites during measurement, and the flame probe can generate extra heat
from its reaction. As discussed in later sections, at 150 µm from the cell, they can
still have enough signal strength to take measurement and will not effect on oxygen
distribution near the cell(Figure 6.11).
5.3.3 Cell
The PrEC cell is represented by a ellipsoid with a semi major axis a = 5 µm, semi
minor axis b =2.5 µm in the 3-D model. Average normal PrEC cell oxygen consump-
tion rate is 10−17mol/s. To set a similar oxygen consumption rate in the model, the
ellipsoid is defined as a reactor with a reaction rate R = −10−17mol/s/262µm3 =
−0.038mol/s×m3.
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5.3.4 Studies Setups in the Model
Two stationary models based on Navier-Stokes equation(equation XX) and Convection-
Diffusion equation(equation XX) for fluid flow and diffusion respectably are used. In
this work, the fluid flow have a strong couple to diffusion field, whereas the concentra-
tion gradient has a week couple to the flow. ρ(~v ·∇)~v = ∇· [−p~I +µ(∇~v+ (~v)T )] + ~F
ρ∇ ·~v = 0 where ρ-density, ~v-flow velocity field, p-pressure, ~I-unit vector, µ-dynamic
viscosity, ~F -volume force field . ∇·(−D∇c)+∇·(~vc) = R ~N = −D∇c+~vc where D-
diffusion coefficient, c-spices mass concentration, ~v-flow velocity field calculated from
the previous study, R-reaction rate, ~N -flux. Different then hydrodynamic confine-
ment simulation for model verification as discussed later where the injection pressure
is always smaller then the extraction channel, to evaluate the perfusion micro-probe’s
performance on their applications, a negative pressure and an equal value positive
pressure were defined respectively on the top boundaries of the two channels to form
the injecting and extracting flow.(One can also define the flow rate at these two
boundaries, or by apply a positive pressure to the injecting channel and a negative
flow rate at the extraction channel to form the perfusion. The last setting is how
experimentally the perfusion is formed. All these alternative ways of defining inlet
and outlet boundary conditions can form the same perfusion flow and so the oxygen
concentration distribution if these conditions form the same flow velocity profile in
the channel). The upper boundary of the model is set to open boundary. These flow
parameter set up is mimicing the set ups we had for the experiments. The calcu-
lated flow field is then used as the flow parameterizes in the convection and diffusion
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study. For convection and diffusion study, as mentioned before, a symmetric bound-
ary condition =250 muM was set to entire upper boundary. A tetrahedral mesh
with maximam mesh size = 14.4 mum, minimum mesh size = 0.615mum, maximum
element growth rate = 1.35, curvature factor=0.3, resolution of narrow regions=0.85
is used to divide the entire internal of the system for FEM calculation. Compare to
a finner mesh setting, the calculated concentration differences are less than 5%. Di-
rected solvers are selected in all studies to have the most accurate result with relative
tolerance set to 10( − 6). Other modeling parameter setups are slightly different in
each discussion, and will further specified in that section.
5.4 Hydrodynamic Confinement–Model Verification
Previous studies has demonstrated concentric double-channel pipette was employed[110]
to form hydrodynamic. To verify the simulation model, a relatively straightforward
method is to compare the size and shape of the hydrodynamic confinement plume
formed by the perfusion pipette(captured by fluorescent microscope) to the simulation
flow pattern under same conditions.
5.4.1 Hydrodynamic Confinement
Consider flow within a long channel. A molecule could not diffuse sideways outside
the channel due to the presence of hard channel walls. However, if the channel walls
are missing along some length segment of the flow, the molecule might diffuse outside,
unless the flow sweeps it through this section faster than the molecule could diffuse
out. Therefore, in the section where channel walls are missing, like the section at
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the tip of a double-barrel pipette, the molecule could remain confined to the flow
hydro-dynamically. The time that it takes a molecule to diffuse across the section of
length b along the flow is b2/D, where D is the diffusion coefficient, while the time it
takes the flow to cross the same distance is b/v, where v is the flow velocity. Taking
the ratio of these times, we obtain the Peclet number P=bv/D which indicates the
relative importance of convective transport (flow) over the diffusion. When the Peclet
number is large, the diffusion time is larger than convective transport time and the
likelihood that a molecule would remain confined in the flow is large. This simple
idea of hydrodynamic confinement has beed discussed in the microfluidics literature
and in some biological applications[111, 112].
5.4.2 Perfusion Pattern Comparison
Figure 6.3 compared an experimental observation of hydrodynamic confinement at
the tip of the theta cross-section double-barrel pipette and the simulation result from
the 3-D model. Experimentally observed diffusion of fluorescent dye for different
injection pressures are shown in Figure 6.3(a), and Figure 6.3(b) shows the results
of the FEM where pipette diameter at the tip and other geometrical parameters
of the pipette were similar to the experimental parameters. The flow rate in the
extraction channel in the simulations was set equal to the experimental flow rate
and the pressures at which diffusion plume size and shape observed in the simulation
matched the experiments were obtained. Two qualitative trends can be noted both
experimentally and computationally. One is the increasing size of the fluorescent
plume with the increase in the pressure applied to the injection channel. In general,
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it is clear from the images that the size of the plume can be varied from being smaller
than the size of the pipette tip to being somewhat larger. The other trend is the
change in the tilt of the diffusion plume with the increasing pressure applied to the
injection channel. At lower injection pressures, the plume tilts toward the injection
channel, while at higher pressures it begins to tilt toward the extraction channel. The
intensity of color in the extraction channel also increases as the plume tilts toward
that channel. It can be seen that the injection pressures at which size and shape of
the plume in the FEM model matches the experimental observations, suggesting that
the model is fairly accurate.
experiment and simulation.png
Figure 5.3 Comparison between experimental and simulated perfusion flow pattern. A) Microscope images of flow
pattern. The injecting flow is a saturated fluorescein solution (approximate concentration 0.08%wt.). Images 1 to
6 show patterns at increasing injecting pressure while the extraction flow rate maintains constant (5µl/min). Pin=
Papplied-1 atm, 1 hPa=100 Pa; B). Simulated perfusion flow patterns. Very similar pipette shape parameters as in
A) were used in this simulation. Similarly to A), the injecting pressure is increased from image 1 to 6
The formation of hydrodynamic confinement by perfusion flow also indicated the
perfusion probe can provided highly localized micro-environment and collecting local
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signals. The later discussion of using the probe as a scanning mode single cell sensor
is a reasonable expansion of the application of these perfusion probes.
Modeling Parameters
For hydra-dynamic confinement verification, the 400 m quartz theta pipette was built
at the top center in a rectangular computational region of (500× 400× 400µm3. The
theta pipette tip diameter was set to 20µm, and its outer wall was formed by a
truncated cone with half-angle = 8.5◦. To set up the flow condition, at one channel of
this pipette, a constant negative pressure of -120 hPa was provided to supply suction.
At the other channel, positive pressure was supplied from 100 to 117 hPa at different
steps. The upper boundary of the model is set to open boundary. For convection and
diffusion study, the initial species concentration of the whole computational area is set
to 0 and the inflow concentration was set to 2407 µM (fluorescein satuated aquirious
solution). Diffusion coefficient was set to 0.425 × 10−5cm2/s (fluorescein diffusion
coefficient in water at room temperature, (Culbertson, Jacobson et al. 2002)) was
used. No cells or consumers is included in this model. Other settings are the same as
described in previous section.
Experimental Setup
A 1.5 mm outer diameter double-barrel glass that has a theta-style cross-section (Sut-
ter Instrument Co.) was pulled apart by laser glass puller (Sutter Instrument Co.,
P-2000) to form dual channel micro-pipettes. Depending on the pulling rate, the
pipette tip can be varied from tens of micrometers down to about 100 nm. One chan-
nels of the theta micro-pipette was loaded with saturated fluorescein (Acros Oganics,
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Fisher Scientific; excitation/emission wavelengths 498/518 nm) aqueous solution (ap-
proximate concentration 0.08%wt) , and form the injection channel; the other one was
loaded with pure water and will work as extraction channel. Two plastic tubing was
then inserted into the two channels from the unmodified other end of the theta capil-
lary from the back, and sealed with epoxy (Bob Smith Ind., Quik-cure 5 min epoxy).
The injection channel was then connected to a source of positive pressure, while the
other was connected to a source of negative pressure. In this work, the positive pres-
sure was supplied by a pressure pump (Eppendorf, FemtoJet), and a syringe pump
(New Era Pump Systems, Inc., Dual-NE-1000) was used to supply suction. To study
the effects of perfusion flow on molecules diffusion around the tip of the theta-style
pipette, the pipette tip was immersed into a large drop of water(approximately 0.3ml)
place on top of a microscope slide with an angle of around 5 degree, while fluorescent
molecules where perfused through the pipette tip as illustrated in Figure below. An
inverted fluorescent microscope (Olympus FluoView FV1000 Confocal Laser Scanning
Microscope; Sampling speed: 2.0 s/Pixel) with a lens(LUMPLFL, 100X W NA:1.00)
placed near the bottom of the microscope slide focusing on the tip end area was em-
ployed to observe the size and intensity of the fluorescent plume near the tip of the
pipette immersed in water. A constant withdrawn speed of 5µL/min provided by the
syringe pump in maintained at the probe’s extraction channel. Multiple experiments
performed at different injection channel pressures varying from 100 hPa to 116 hPa
with increment/decrement of 2-3 hPa each step. The formed fluorescent dye plume
in the water droplet were observed in each step and last for approximately 15 s before
move to the next pressure value.
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experimental setup-02.png
Figure 5.4 Illustration of the experiment setup for investigating the effect of perfusion flow on diffusion of fluo-
rescent dye. The Blue hemisphere is the water drop (0.3ml) formed on top of a microscope glass slide (purple). The
tip of the theta perfusion pipette is inserted into the water drop. The injection channel is pre-loaded with saturated
fluorescein aqueous solution(0.08%wt.). The green color represents the fluorescein dye (fluorescein), with the green
intensity proportional to the dye concentration. The small green area volume within the water drop represents roughly
the diffusion boundary of the florescent dye. The arrows show the fluid flow directions. A constant suction flow rate
of 5νl/min is applied by a syringe pump to the pipette’s extraction channel. Observations of the fluorescent plume
were obtained at different positive pressures applied to the injection channel. The injection pressures were varied
from 100 hPa to 116 hPa with an increment of 2–3 hPa each step, and with the same step size then decrease back to
100hPa. The formed fluorescent dye plume in the water droplet were observed in each step and last for approximately
15 seconds before move to the next step. The total recording length is 7 minutes, during this time, the water drop
size did not change significantly due to evaporation.
5.4.3 Summary
In this chapter, a perfusion micro-probe was developed. We first discussed the de-
sign criteria and working principle of the proposed perfusion micro-probe.A perfu-
sion micro-probe as a single cell metabolism sensing plat-form was designed and
discussed. Simplified 1-D analytical derivation clearly verified that concentration
difference measured in the perfusion probe directly reflect reaction rate-exchange of
flux. Some behavior of this probe can also be anticipate from the analytical solu-
tion. A finite element based numerical model is then build to simulate the analysts
concentration distribution in the perfusion probe. A comparison between hydrody-
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namic confinement flow patterns observed from experiment and 3-D model simulation
results qualitatively justified the validation of the perfusion probe model.
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Chapter 6: Perfusion Micro-Probe Base Respirometry
In this chapter, the performance of the perfusion micro-probe for single cell respirom-
etry measurement is discussed. As shown in last chapter, to experimentally test the
perfusion system needs many connections and tubings. These will not be a problem
if the probe is later build commercially, but because the limited fabrication facilities
in research lab, just to setup the system can consumes a lot of time and has a low
throughput. To save the time from experiments and focus on respirometry developing
and carrying out multiple evaluations, the FEM model of the probe verified in last
chapter will be used in this chapter for probe applications discussions.
Two applications of the designed probe will be discussed. First, the perfusion
micro-probe is combined with single cell chambers to measure the oxygen consumption
rate of isolated single cells. This design focuses long-term characterizing metabolic
activity of a isolated singe cell. Combining with a cell chamber substrate, this design
confined cell in a relative small volume at a time, and provided access to add various
of protein prohibiter to study specific metabolizes’ activities. The second application
is to use this probe as a scanning probe. Without a chamber to physically confine the
cell and perfusion flow pattern, the feasibility of using this probe in a free scanning
mode is explored. This design enabled the probe to investigate metabolic activity of
individual cells with conventional substrate, or even in a tissue sample.
The developed probe is certainly not limited to oxygen measurement. By using
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different sensors, including electrochemical or optical ones, other analyses can be
conducted over the surface of living tissue individually or in combination. We also
envision applications of the proposed approach in analytical chemistry or forensic
study for spatially resolved microanalysis.
6.1 Chamber Isolated Cell Respirometry
As discussed in literature review, various designs has use sealed cell-chambers to carry
out single cell respiration measurement. By isolate a cell in a small close geometry,
these chambers not only prevent the possible interaction from near recent cells, but
importantly, accumulate the relatively small cell metabolism exchange in a small
volume to achieve enough signal-noise ratio to be detect by sensors. To solve the
remaining issues of long term measurement while reserve the advantages fo the cell
chambers, we proposed a new respirometry probe that combines the perfusion micro-
probe and cell chamber. As shown in Figure 6.1,the propose respirometry is realized
by sealing a cell chamber with a theta pipette on top of it. The advantages of the
proposed system are discussed in this section. The simulation results also provide a
good comparison and verification with the simplified analytical model where an ideal
situation of a completely sealed system were assumed and flux exchange information
are maximumly reserved.
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Figure 6.1 Probing respiration of single cells in perfusion probe sealed cell cambers. The inset on the left shows
tubing for the inlet and outlet channels as well as sensors in both channels. The inset on the right illustrates
differences in oxygen concentration upstream and downstream from the cell within the double-barrel pipette (theta
pipette). The different colors represent different oxygen concentrations that are obtained from a finite element
simulation of convection-diffusion equations. The inset on the right also illustrates a situation where two oxygen
sensors have symmetrically positioned sensing tips to measure differences between oxygen concentrations downstream
and upstream.
6.1.1 Single Cell Respiration Rate Measurement
Figure 6.2 shows a typical simulation result of oxygen concentration distribution
inside the proposed system. We assumed a normal human prostate benign (PrEC)
cell with an oxygen consumption rate of 10−17mol/s is sealed in a cell chamber by
the perfusion pipette. The pressure applied at the end of the two channel of pipettes
is set to be 3 Pa, providing a constant flow and the average flow velocity is measured
as equal to 2.1µm/s at cell surface. The color of the simulation result from red to
blue represent the oxygen concentration from high to low. Assume that the sensor is
placed 150µm from the tip inside the extraction channel, the concentration difference
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between sensor position and the initial concentration is 1.52µM . Also, theta pipette
channel dimension is 40µm in diameter at this location. The simulation result verified
the design provided a relatively small volume/cell to accumulate the small amount
of exchanged analysts of a single cell at certain time. And the flow transport the
confined medium to higher position where the channel have larger geometry scales.
This provide the possibility to integrate many existing sensors into the micro-probe for
single cell measurement without decreasing their size and sacrificing their sensitivity.
As an example, we can compare the simulation result with the data sheet of the fiber
optic oxygen sensor from Pyroscience which has a tip size of 35µm in diameter and a
resolution of 0.78µM at 20% oxygen, and conclude that this commercially available
optical sensor can be insert into the proposed micor-probe and used for single cell
respiration measurements.
Figure 6.2 Illustration of the simplified analytical model of the oxygen solution, including diffusion, convection
and reaction interaction inside a perfusion probe. The long arrow on top shows that the direction of flow is from
the upstream to downstream medium. The red balls represent the dissolved oxygen molecules. The arrows on each
oxygen molecule shows its moving direction, which is a combined result of diffusion and convection. The deep blue
region with rings represents the consumer, mimicking a living cell that keeps consuming oxygen. In this region, the
dissolved oxygen concentration is reduced at a certain rate
Department of Electrical Engineering Drexel University
90
6.1.2 Effects of Perfusion Flow
Perfusion flow brought several significant advantages compare to conventional cell
chamber devices while reserves their high sensitivities. It provide a constant local
environment and allows the sensor to be far from cell, makes the proposed system
more suitable for the purpose of long-term non-invasive cell metabolism investigation.
Transport Medium
In one aspect, seal single cell chamber with perfusion probe allows transport of ex-
ternal medium to cell location which is critical for long-term study. The flow can
bring nutrition and oxygen to the chamber, and maintains a constant cell micro-
environment to carry valid longterm cell metabolic function recording. As a simple
example, a comparison of the oxygen concentration change with time in this proposed
system and in a sealed system is calculated. With a consumer of normal cell respi-
ration rate, the dissolved oxygen concentration in sealed system (chamber volume =
2000µm3) will reduced to 0(from saturated concentration) within 45 s, while with
perfusion probe the oxygen concentration stay almost constants for up to 30 mins as
the simulation time finished. A larger chamber size can certainly extend this time, but
not dramatically. Never the less, other cell-environmental exchanges are also taking
place in these sealed medium, which can change the medium properties like pH value
during measurement. As there is evidences shown cell can have difference metabolic
mode depends on the environment, to maintain a relatively constant environment
for the aimed cell are critical to long-term observation. In addition, with perfusion,
different excitations and exhibitors can be easily add into the flow and delivered to
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the cell chamber and flushed away from it afterward.
In another aspect, the perfusion probe transport the post interact medium from
the cell surface to the extraction channel, allows the sensor to be far away from cell
without lost majority of the signal. This effect is more important for the scanning
probe situation where has no closed sealed geometry to prevent perfusion as we will
discussed in detail later. The other benefit of the perfusion flow is to increase the
respond speed which is crucial for cell respirometry historical recording. The extracel-
lular medium work as a low pass filter, a increasing in volume will reduce the higher
frequency signals to pass through the system. With perfusoin flow, it allows high
frequency signals to be measured.
Enhance Signal
As discussed in Chapter 5, shows the reaction/consumption rate R is directly related
to the amplitude of the concentration difference measured at the sensor position x:








Therefore, the oxygen concentration difference is defined as the signal, and the small-
est consumption rate R can be measured use perfusion micro-probe based respirome-
try can be defined as sensitivity of the system. If the cell oxygen consumption rate is
a constant, the larger the concentration difference measured, the higher the sensitiv-
ity of the proposed respirometry. The amplitude of signal is related to the perfusion
flow rate. A plot of oxygen concentration difference versus the flow velocity from
both the analytical solution and simulation is shown in Figure 6.3. The velocity of
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3-D model is the average velocity at the cell surface. To better compare the ana-
lytical solution(red curve) with 3-D simulation result(green curve) at same set ups,
one could set b = 5µm, d = 400µm, and measure the oxygen concentration difference
at x = 150µm. For a set R value, the peak concentration difference calculated from
analytical model is 1.5 times larger than from simulation. To be easy to compare
the curve trends, one can adjust the R in analytical solution to R/1.5 to make the
peak value of both curves at the same scale. Plot of analytical solution predicted
that the sensitivity increase with the flow rate first and then reduce after it reach
a maximum value at flow velocity V = 2.3µm/s.The plot from 3-D simulation data
shows similar a trend as the analytical solution, with a peak signal/sensitivity occurs
at flow velocity of 2.1µm/s. Both curves suggested an optimal perfusion rate that
can be select to achieve highest sensitivity of the perfusion probe.
Figure 6.3 Plot of system sensitivity at different perfusion flow rates (measured as the differences between oxygen
concentrations at the two sensors positions). X-axis represents the flow velocity and Y axis represents the sensitivity.
Red dot line is from the simplified analytical model, and the green solid line is from FEM with the same parameter
settings.
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A practically concern is the sheer force applied on cell membrane by perfusion
flow. A simple estimation can be make here. The macro perfusion used in lab today
is around 50µm/s and was believed have no obvious influence on cell functionality.
With the optimal flow velocity suggested by the plot much smaller than 50µm/s,
one can reasonably conclude that the perfusion flow used in this work has ignorable
disturbance to cell normal functions.
Leakage Tolerance
Beside the shared concerns of back diffusion and sensor-cell interaction that similar
in both chambered cell and open space cell applications that will be discussed later,
one special concern of this perfusion probe sealed cell chamber design is the possible
mismatching and small gapes between the theta pipettes and cell chamber substrates,
causing signal lost.
The existing of perfusion flow increased the system tolerance to possible gaps and
helped to keep the signal. To mimic the unknown leakages at different sizes, we put
the cell chamber 0.1-5 um away from the bottom of the pipette and leave a gap in
between this two parts. Similarly as previous discussion, signals were acquired at
150 um above the cell chamber top surface. Plot of signal lost at the sensor vs.
the gap size between theta pipette and cell chamber is shown in Figure 6.4. We
can only compare the percentage lost because the concentration difference at sensor
location with perfusion is 4 times larger then without flow. The oxygen concentration
measured at the sensor at gap size of 0.1 was used as the 100% signal strength.
Comparing the two curves represent signals with/without perfusion flow respectively,
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it is clear that with the help of perfusion, the signal lost is smaller when gap size
increases. At a gap size of 1 um, the perfusion flow kept 88 % of the signal strength
while without flow a 82 %. At a relatively large gap size of 5 µm, the signal measured
without flow dropped 51 % of the original signal, compare to a 38 % drop with the
existing of perfusion. These data suggesting that the perfusion probe limited the
diffusion of oxygen and reserved the signal.
Figure 6.4 Comparison of oxygen concentration difference lost at different gap size with/without perfusion flow.
The two insets are simulation results with perfusion flow at gap size =0.1 and 5 mum.
6.1.3 Modeling Parameters
The geometry of the model used in this section is show in Figure 6.2. The 400 µm
long glass theta pipette with a tip radius = 10 µm and a half angle = 8.5◦ was built
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and sealed with a 10 m tall inverted truncated cone representing cell chamber. An
ellipsoid cell with 5 µm, 5 µm, 2.5 µm as its a, b, c axis is attached to the bottom of
the cell chamber, with reaction rate R = −0.038mol/s×m3. Same absolute value of
negative and positive pressure were defined to form the injecting and extracting flow.
The calculated flow field is then used as the flow parameterizes in the convection and
diffusion study. The top boundaries of the pipette are defined as inlet and outlet, with
concentration set to 250 µM . The initial concentration in the whole computational
region was also set to 250 µM . The diffusion coefficient is 2× 10−5cm2/s everywhere
in the model. The oxygen concentration difference signal was recorded at 150 µm
above the tip end inside the pipette extraction channel. For the signal vs. flow
rate curves(Figure 6.8) where simulation and the analytical model are compared,
the x-axis values is the average fluid velocity of simulation results measured at the
cell surface. For leakage tolerance discussion, a rectangular computational region of
420× 300× 300µm3 with upper boundary set as open boundary and have a constant
concentration of 250 µM was added to the model to include both the theta probe and
the cell chamber. The parameters of the theta pipette was fixed which the position of
chamber moved down along z-axis and create gaps of 0.1,1,2,3,4,5 mum in between
the two parts. The cell was always attached to the bottom of the cell chamber.
6.2 Scanning Mode Respirometry
The second application of perfusion micro-probe is to use this probe as a scanning
probe. Without a chamber to physically confine the cell and perfusion flow pattern,
the feasibility of using this probe in a free scanning mode is explored. This design
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enabled the probe to investigate metabolic activity of individual cells with their con-
ventional substrate, or even in a tissue sample. With its ability to locally confine the
Figure 6.5 Illustration of the double-barrel perfusion-based single cell respirometry probe. The cell culture or
tissue dish is shown on top of an X-Y-Z positioning set-up. The inset (a) shows tubing for the inlet and outlet
channels in both channels as well as sensor in outlet channel. The inset (b) demonstrated the differences in oxygen
concentration upstream and downstream from the cell within the theta micro-probe. The different colors represent
different oxygen concentrations that are obtained from a finite element simulation of convection-diffusion equations.
Inset (b) also illustrates that an oxygen sensor positioned downstream from the cell can be used to determine the cells
oxygen consumption rate when the sensors measurement refers to the oxygen concentration at top of the double-barrel
pipette.
species diffusion and transport them to the extraction channel, the perfusion probe
shows its potential applications to be use as a scanning mode single cell metabo-
lites sensing device. But different from other hydrodynamic devices that focused on
flow confinement, the proposed respirometry probe focused on flux measurement and
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improve sensitivity. For these purpose, high fluid velocity featured in hydrodynamic
devices is not preferred. The FEM model of the scanning mode respirometry was used
to evaluated the performance of the system as shown in Figure 6.6. The dependence
of signal strength on flow velocity will be discuss, and reference will be provide to
select the optimal flow velocity for large signal. In addition, with the help perfusion
flow, an unique advantage of proposed respirometry is allowed the sensor to be far
away from the cell, which can prevent possible cell-sensor disturbance while doing
measurement.Oxygen is again used as the example of cell metabolism, but with dif-
ferent sensors, this design is not limited to be a respirometer, but also various other
metabolic fluxes.
Figure 6.6 The FEM model of the perfusion micro-probe based scanning mode respirometry. A consummer with
an oxygen consumption rate of 10−17mol/s is used in the model to represent a normal human prostate benigh(PrEC)
cell.
6.2.1 Perfusion Probe Improve Measurement Sensitivity
Confine Free Diffusion of Metabolism
One influence of the pipette is confinement of oxygen diffusion within it. It can diffuse
freely along the axis, but remains confined by the pipette walls. To demonstrate
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the effect of this confined diffusion, consider a small oxygen sensor positioned at a
small distance from the cell. As demonstrated by FEM simulations shown in Figure
6.7(orange vs red line), normalized signal obtained by the sensor positioned at the tip
of the pipette has aroud 1.5 times greater signal than the same size sensor placed at the
same distance away from the cell, but without any pipette. Thus, the mere presence
of the pipette over the cell increases the oxygen concentration difference that can be
sensed. Figure 6.7 also shows that moving the same sensor within the pipette much
further from the cell, while maintaining the same distance of the pipette tip from the
cell, reduces the signal as might be expected. Most of this reduction can be attributed
to the expansion of the pipette diameter away from the cell. This conclusion can be
confirmed by considering a theta tube whose diameter does not change away from
the tip(light blue). As demonstrated in Figure 6.7 the signal obtained by a sensor
placed 150 m away from the tip is near the same as the signal obtained by placing
the sensor at the tip of a pipette with an expanding diameter(green).
Allows Increment in Sensor Size
So far, the considered sensors are remaining the same in size regardless of their po-
sition along the axis of the pipette. However, if the diameter of the pipette expands
away from the tip, sensors can increase in size. If we scale the sensor diameter with
the expanding pipette diameter and assume that the sensitivity of the sensor scales
with its area (this assumption is realistic for electrochemical and luminescence sensors
below about 50 m in diameter), we find that we can significantly increase the overall
sensitivity of the probe as the sensor moved further away from the pipette tip, which
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is also indicated in figure 6.7(blue line). This observation has important consequences
for increasing the overall probe sensitivity.
Figure 6.7 A). Demonstration of simulation geometry parameters. B). Dependence of signal (oxygen concentration
difference) strength on distance from the theta micro-pipette tip to the substrate, for different sensor positions, and
for different pipette apex angles. Curve 1 is plotted from a sensor located at the tip of a typical theta pipette which
has a half-apex-angle of 8.5 degrees, and a tip diameter of 20 mum; Curve 2 is from a sensor at the same location,
but without a theta pipette surrounding it; Curve 3 is from a sensor located inside a theta tube and 150 mum above
the tip. This theta tube has a apex angle of 0, and a tip diameter of 20 mum; Curve 4 is a plot from sensor located
inside typical theta pipette and 150 mum above from its tip; Curve 5 (unit less) is a plot of same date of curve 4
multiplied by the area ratio of this location compare to tip position.
Enhanced Signal by Flow
Perfusion flow of the theta micro-probe has been demonstrated in previous sections,
both theoretically and experimentally, hydro-dynamically retain molecules within the
flow. Intuitively we can expect that with perfusion flow, more molecules will reach the
sensors and increase the probe sensitivity. As shown in Figure 6.8, this effect is con-
firmed by the FEM calculations when considering a sensor placed 150 m downstream
within the double-barrel pipette(blue curves). These flow velocity sweep curves shows
that the concentration difference measured at the sensor first increase with the flow
velocity then decrease. The Peclet number can be used to explain the trend of the sim-
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ulation results. A significant amplification of the signal due to perfusion will not occur
when the Peclet number is significantly smaller than 1, say 0.1, since in such regime
of operation to all oxygen molecules are yet fully retained within the flow (diffusion
dominates over the convection). This can provide a simple estimate of maximum
perfusion velocity beyond which no signal is gained. Take the example of the pipette
that is located at about 10µm from the substrate. The oxygen diffusion coefficient
is of 2× 10−5cm2/s and the Peclet number is about 0.1, one finds that no significant
gain should occur beyond the velocity vmax
.
= PD/b = (0.1 × 2000)/10 = 20µm/s.
This is in quantitative agreement with the velocity of maximal signal calculated by
the FEM and shown in Figure 6.8.
Intuition also suggests that, as the velocity increases further, the flux of oxygen in
the pipette due to flow should start to dominate the flux due to oxygen consumption
reducing the oxygen concentration differences along the flow and the oxygen con-
sumption signal. The reduction of oxygen concentration difference between different
positions along the flow at higher flow velocities is given by(as shown in the simplified
analytical solution):
S = C0 − Cd(x) .= Rbv (exp( vDd)− exp( vDx)) ∝ Rb/v
where R is the oxygen consumption rate per unit length of the flow, b is the length
of the oxygen consumption region in the flow, d ¿¿ b is the distance from the tip of the
pipette to the place in the flow where a constant oxygen concentration C0 exists due
to contact with the environment, x is the position of the sensor downstream from the
consumption region and Cd(x) is the oxygen concentration measured by the sensor.
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Figure 6.8 Dependence of signal strength on perfusion flow velocity for different tip-substrate distance, and for
sensors at different locations (0 µm and 150 µm above the tip) inside the normal theta pipette(tip diameter =20 µm,
half- angle =8.5 degree). The group of red dot curves are measured from the sensors at the theta pipette tip; the
group of blue solid curves are from sensors at 150 µm above the tip. And for both color groups, from dark color to
light color, the tip-substrate distance increases.
Figure 6.9 gives a intuitive comparison of the oxygen distribution in theta pipette
with/without perfusion on a typical cancer cell (assume the oxygen consumption rate
is 10 times higher than normal cells), the color indicate the different level of oxygen
concentration, and has been manually set to the same range. Probe with perfusion
will supply a larger concentration difference of 2.7 µM compare to without perfusion
(0.9 µM) at the sensor position that is 150 um from the cell. Again, compare with
the Pyroscience fiber-based oxygen sensor data sheet resolution values of 0.78 µM ,
the concentration difference signal is sufficient to be detected.
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Figure 6.9 Comparison of oxygen concentration distribution inside a scanning perfusion probe on top of the cell,
with and without perfusion flow. Color scale(on the right hand side) is set to the same range for both images . The
colors represents oxygen concentration. The range from red to blue shows decrease of concentration. A) Without
perfusion, the concentration difference measured at the sensor location (150m above the tip) is 0.9 µM . b: With
perfusion, the concentration difference measured at the sensor is 2.7 µM . (The flow velocity at sensor tip position is
3 µm/s, at cell top surface center is 11 µm/s for this specific simulation result).
6.2.2 Spacious Resolution
The spacious resolution is a critical parameter for scanning probes. One important
role of the perfusion micro-probe as scanning repirometry plat-form is to increase
sensitivity by placing sensor further up the pipette and using the perfusion flow,
while preserving spatial resolution to permit measurements from individual cells in
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cell culture. The simulation revealed the dependence of the measured concentration
differences on the tip-cell distance and tip size. A 2×2×2νm3 consumer was included
in the model, with reaction rate set to R = −1.25mol/s×m3(total consumption rate
=10−17mol/s). With a fixed perfusion condition and tip geometry, moves perpendic-
ularly to the perfusion pipette from left (x = −90νm) to right (x = +90νm), the
concentration differences recorded at the sensor is shown in Figure 5 a. The mea-
sured signal strength reduces as the distance from consumer to probe increases. The
half width of this curve(the range where value remain above 1/2 of its peak value) is
defined as the x-y plan spatial resolution. Figure. 5 A illustrates that high spatial
resolution is achievable to permit measurements from individual cells in cell culture.
In this particular simulation, the tip diameter is = 20νm, and the measured signal
half-width is 26νm.
Figure 5 b shows simulation results of measured half-width at a group of different
tip-size. For each tip-size, the flow condition was select to provide maximum enhance-
ment on signal measured at 150 um above the tip by perfusion. These results shows
that the resolution is on the order of the pipette diameter. Since diameters smaller
than a couple of micrometers are readily achievable, the resolution on the order of
micrometers is possible.
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Figure 6.10 Space resolution of scanning probe. A) Illustration of spatial resolution of the perfusion respirometer
probe with tip diameter=20 µm. The probe is located at the center of x axis and the specific tip geometry is same
as in the previous simulations. A consumer size of 2× 2× 2µm3 is located at the substrate, tip-substrate distance =
6 µm. The pressure applied at input channel is (1atm + 2 Pa), and the output at (1atm - 2 Pa), which conditions
the perfusion improve the signal measured at sensor placed 150 um above the tip most significant. The green curve
represent the oxygen concentration difference measured from the sensor when the center position of the consumer
varied from left (x=-90 µm) to right (x=90 µm) along X-axis. The measured half-width of the curve is 26 µm, defined
as the spatial resolution; B) Probe spatial resolution at different tip diameter. (The pressure at the inlet and outlet
of the theta pipette is set to achieve best improvement of signal at 150 µm above the tip by perfusion). The theta
pipette tip diameter increase from 8 µm to 32 µm with step size of 4 µm, while the half-angle of the pipette kept the
same (8.5 degree). Inlet: the oxygen concentration difference plot at tip size = 8, 20 and 32 µm.
6.2.3 Preventing Measurement Disturbance
Sensor-cell interact is an important factor to be take into consideration in probe
design for measurement accuracy. For example, electro-chemistry sensors consume
electrolyze during measurement taking place. Research shows that the oxygen can be
drain out from the cell during measurement because the sensor consumed the oxygen
and reduced the local oxygen concentration. In the proposed probe, the sensor is
placed far from cell location, the perfusion flow also helped on prevent the sensor-cell
interaction. To demonstrate perfusion diminished the effect of sensor consumption on
cell micro-environment, another cubic consumer was add into the original scanning
perfusion model at the sensor location, mimicking an electrochemical sensor that
consumes oxygen during measurement. As shown in Figure 6.11, with the color bar
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set to the same range, the oxygen concentration distribution near the cell stay the
same as before, suggesting that the flow prevented sensor-cell interaction effectively.
Similarly, the perfusion can also prevent the possibility of back diffusion from the
external environment to sensor measurement.
Figure 6.11 Space resolution of scanning probe. A) Illustration of spatial resolution of the perfusion respirometer
probe with tip diameter=20 µm. The probe is located at the center of x axis and the specific tip geometry is same
as in the previous simulations. A consumer size of 2× 2× 2µm3 is located at the substrate, tip-substrate distance =
6 µm. The pressure applied at input channel is (1atm + 2 Pa), and the output at (1atm - 2 Pa), which conditions
the perfusion improve the signal measured at sensor placed 150 um above the tip most significant. The green curve
represent the oxygen concentration difference measured from the sensor when the center position of the consumer
varied from left (x=-90 µm) to right (x=90 µm) along X-axis. The measured half-width of the curve is 26 µm, defined
as the spatial resolution; B) Probe spatial resolution at different tip diameter. (The pressure at the inlet and outlet
of the theta pipette is set to achieve best improvement of signal at 150 µm above the tip by perfusion). The theta
pipette tip diameter increase from 8 µm to 32 µm with step size of 4 µm, while the half-angle of the pipette kept the
same (8.5 degree). Inlet: the oxygen concentration difference plot at tip size = 8, 20 and 32 µm.
Similarly, simulation results also verified that the perfusion flow can help on pre-
vent back diffusion. Change the oxygen concentration value at the outlet boundary
of the model from 0-500 muM does not make obvious changes of the oxygen concen-
tration at the cell and sensor location.
6.2.4 Modeling Setup
A similar model settings as in hydrodynamic verification part was used to evaluated
this respirometry design with some modifications. To be specific, the rectangular
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computational region set to 410 × 300 × 300µm3Compare to a wider computational
region setting of 410×320×320µm3, the calculated concentration differences are less
than 1%); An ellipsoid cell with 5 µm, 5 µm, 2.5 µm as it’s a, b, c axis was attached
to bottom of the calculation area and reaction rate was set to R = −0.038mol/s ×
m3; the 400 µm long theta micro-probe is placed 10 µm above the bottom. To
have a high spatial resolution of single cell level, the tip diameter of pipette was
set to 12µm(half angle = 8.5◦). To study the influence of tip-substrate distance to
measured concentration at the sensor location , tip to substrate distance vary from 16-
5.2 µm in the simulations. A negative pressure and an equal value positive pressure
were defined respectively on the top boundaries of the two channels. The upper
boundary of the model is set as open boundary. The injection channel boundary
concentration was set to 250 µM . A symmetric boundary condition =250µM was
set to the extraction boundary, as well as the upper boundary. A diffusion coefficient
2× 10−5cm2/s (oxygen in water at room temperature) was used for both in/out the
cell. The oxygen concentration difference was recorded inside the extraction channel
of the theta pipette at 150 m above the tip end.
6.3 Summary
The perfusion micro-probe was evaluated in two respirometry design. First design
use the perfusion probe to work with a single cell chamber for isolated cell respiration
rate measurement. Compare to existing cell chamber design, perfusion probe with
its unique advantages, allows the system for long-term non-invasive metabolism mea-
surement of the isolated cell. Second design is to use the perfusion probe as scanning
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probe. For cells attached on culture dish substrate or in tissue slide, with the help of
perfusion flow at certain conditions, this respirometry is sensitive enough to measure
the flux of the aimed cell with a high enough spacious resolution of cellular and even
sub-cellular scale that depends on pipette tip diameter. Also, the perfusion probe
allows the sensor to be far away from cell to prevent possible disturbances. In both
working mode, the perfusion probe provide a platform to use the existing sensing
probes for single cell measurements without reducing their size and so as sensitivity.
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Chapter 7: Conclusions and Contributions
7.1 Conclusion
This work developed of pipette based single cell investigation probes and demon-
strated pre-limitary results of them on single cell studies. Several Nano/micro pipettes
focusing on different requirements of cellular function measurement needs, either in-
tracellularly or extracellularly are discussed. Carbon nano-pipette (CNP) has been
used previously for cell investigation by our group. In this work, additional types
of CNPs have been developed, characterized and explored for their applications on
single cell studies. The second part of this thesis explored probes based on methods
other than electric signal measurements (current(electrochemical) /potential). A per-
fusion micro-probe based respirometer is developed for single cell oxygen consumption
rate measurement. Oxygen is one of the most important indicator of the metabolism
function of a cell and it is directly related to cell energy generation. The design,
manufacturing, characterization, and validation of the perfusion probes were discuss
via experimental or computational methods. The main results and conclusions of this
thesis are:
1. Following up on previous work, four types of carbon nano-pipette based elec-
trochemical probes (Nano-electrodes) were developed and characterized both elec-
trochemically and microscopically. The different types of CNPs were fabricated by
tuning the chemical vapor deposition conditions, such as deposition temperature,
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time, methane (carbon source)/argon (protection) ratio, and the morphology of the
quartz pipette, to control the thickness of carbon layers deposited on the inner surface
of the lab pulled glass pipettes. These four types of CNPs and the validation work
included are:
Open-CNP: a quartz pipette filled with thin carbon film leaving an open channel
in the middle. We experimentally demonstrated the capability of using these lab
made open-CNPs to inject a florescent solution into adjacent living cells individually.
The possibility of utilizing the deposited carbon layer to manipulate the thickness
of the double layer at the tip to control and count the large molecules which pass
through the open-CNP are also discussed.
Closed-CNP: a quartz pipette filled completely with carbon. We carefully char-
acterized the closed-CNP as nano-electrodes by comparing them with conventional
ring/disc electrodes. The closed-CNPs were then demonstrated for trans-membrane
potential measurement. In addition, we verified that the potential drop measured
by CNP works as a label free criteria of membrane penetration. By further modify
the tip, CNPs are capable of detecting RON species concentration of a living cell
electrochemically.
Nano-sampler-CNP: a close-CNP with a dimple of micro-meters in depth that is
not filled completely with carbon at the very tip. With its unique structure, Nano-
sampler is capable of analyzing very small volume of solution (several pico-liters)
that trapped in its dimple electrochemically, made possible the intracellular sampling
technique for further researches.
Theta CNP: a double channel (separated by glass separator) quartz pipette, each
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channel filled with carbon. The two isolated carbon nano-tips within the theta glass
nano-pipette (100-200nm in diameter at the tip) is separated with each other for
several tens of nanometer base on the pulling parameters. As demonstrated, these
two carbon tips (serves as two nano-electrodes) can be insert together into a small
volume (similar to cell volume) of sample solution and carry out electrochemical
measurements. Compare to existing intracellular electrochemical probes that can only
insert one electrode into the cell at a time, theta-CNP inserts two nano-electrodes
into the cell membrane with in one step, made possible to carry out intracellular
electrochemical measurements on various molecules regardless of their cell membrane
permeability.
In summary, the nano-CNP probes are excellent tools for intracellular research.
They could also be used as extracellular probes which is not fully discussed in this
work, with sub-cellular spatial resolution for single cell mapping. Limited by time,
this paper only shows preliminary results of the newly developed CNPs. For the nano-
sampler CNP, we characterized and validated for small volume of standard solution
measurements, more design and engineering effort is needed before we can sampling
intracellular solution on a living cell with it. Similarly, before one can carry out
intracellular electrochemical measurement with theta-CNPs, further characterization
works of calculating the carbon electrodes effective electrode surface area are needed.
The possible contamination while membrane penetrate on electrode surface would be
another engineering issue to take into consideration in the future as well.
2. Electric signals couldn’t fully represent all cell metabolic functions that re-
searchers are interested in. For the needs of long term monitoring the metabolism
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flux exchange activities of a single cell, we utilized the dual channel structure of theta
micro-pipette and developed the perfusion micro-probes that can be integrate with
sensors base on other detecting methods like optical measurements.
We used oxygen flux as the representative in our discussion and developed single
cell respirometer. Compare to the major existing methods of measuring cell oxygen
consumption rate by electrochemical or florescent intensity method, fiber optic based
sensor is superior for been retrievable and non-consuming. But their large tip diameter
(¿25um) and large control volume limited their use on single cell measurement. This
works shows that with the perfusion micro-pipette, we can use these sensors for
single cell or even sub-cell resolution detection. The most significant advantage of
proposed perfusion probe is its forms a local control on the cell adjacent environment
by perfusion flow. It provides highly localized excitation on a single cell surface.
Meanwhile, the perfusion flow transport the post-exchanged medium near the cell
surface to the detectors/sensors that far away from cell for a non-disturbing long
term observation. A 3D model is built in COMSOL and simulated the internal flow
properties as well as the analytes distribution under the flow condition. This 3D model
is validated in this work by compare to an simplified one-dimention analytical model
and to the experimental results of hydrodynamic confinement under similar settings.
Two different respirometry designs utilizing perfusion micro-probe were proposed and
studied. As a pre-limitary study, we utilized the 3D model to discuss the feasibility
and features of both working modes.
Working mode one is utilize theta pipette as the cap of a cell chamber on the
substrate to form a partially-closed chamber device. In this design, the perfusion flow
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provide fresh medium and excitations, as well as take out other metabolic wastes to
maintain chamber cell environment for long term study. Meanwhile, it transport the
aimed metabolism to sensor location (150 um above the perfusion probe tip, because
of the conical shape of the probe, this location has a large enough diameter to locate
a fiber optical sensor) to take measurements. The simulation results verified that the
theta pipette with perfusion flow could effectively bring the cell surrounding medium
with analyte exchange information to sensor location (150 um above theta pipette
tip). Compare to other close chamber respirometry, by design flow parameters using
the 3D model, this perfusion probe can enlarge the signal transported to the sensor
location. The perfusion flow in the system also helps preventing possible leakage
between the cap and chamber substrate.
The close chamber design ensured a small control volume for resolution. As the
tradeoff, it sacrifice flexibility and limited cells in an isolated chamber which is far
from their normal environment. To extend the application occasions, we designed the
second working mode of the perfusion micro-probe similar to a scanning probe but
with perfusion flow providing some confinement of the control volume. According to
the simulation result, perfusion probe transports the cell surrounding liquid to the
sensor location and preserved the cellular flux information to be detectable. With the
simulation results also demonstrated that the probe can have a spatial resolution of
single cell or even sub-cellular level. The other benefit brought by the perfusion flow
is that it isolate the influence of measurement from the cell and prevent back diffu-
sion. With the help of the perfusion flow, researchers could use the highly sensitive
electrochemical sensor without consume the analytes near cell during measurement.
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Compare to the previous close chamber design, the perfusion pipette works as scan-
ning probe works regardless of how cells are prepared, even for cells in their original
tissues, are suitable for broader applications.
In conclude, the developed perfusion micro-probe provided a non-invasive, efficient
and universal platform for cell-cell metabolism heterogeneity researches as discussed.
We discussed the feasibility of using micro-perfusion probes for cellular measurement
by simulation. The future step would be directly compare the experimental results
with the simulation conclusions to make the model more complete and viable. We can
also use the developed 3-Dmodel for other metabolism measurement and discuss the
possibility of using the perfusion probe with other types of sensors to farther extend
this work.
7.2 Contributions
This work developed single cell investigation probe that compatible with existing
bio-lab facilities and can carry out various of measurements. The authors main con-
tributions are:
Following up on previous work, developed more types of CNP as electrochemical
probes (Nano/micro electrodes);
Performed all characterizations, electrochemically and microscopically;
Demonstrated several electrochemical applications;
Developed perfusion pipette models; Verified the model analytically and experi-
mentally;
Proposed two working mode of perfusion micro-probe;
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Discussed the perfusion pipette performance as respirometry probe based on sim-
ulation results.
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Appendix A: Pipette Fabrication Parameters 
 
A.1 Nano/Micro-Pipette Pulling Parameters 
 
Table A.1 Nano/micro-pipette pulling parameters 
 Tip diameter 
Laser pipette puller parameters (Sutter P2000) 
Heat Fil Vel Del Pul 
Nano-pipette 
(quartz) 
100 nm 900 5 80 128 225 
200 nm 800 4 60 128 100 




~20 um 400 4 25 150 80 
~10 um 400 4 30 150 90 
1-2 um 400 4 80 180 50 
200 nm 400 4 80 180 100 
 
Note: Each pipette puller may have slight difference even for the same model. Parameters need to 
be adjusted accordingly to get similar result. 
A.2 Carbon Nano-Probe CVD Parameters 
 
Table A.2 CVD settings for different types of CNPs 
 Argon Methane Temperature Time 
Pipette 
direction 
Open CNP 300 150 875 degree C 25 mins Against 
Closed 
CNP 
300 200 900 3 hours Align 
Nano-
sampler 
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Note1: for pipette directions’ definitions, see Figure A.1. 
Note2: Nano-sampler probes can also been made by each close CNPs at 400 degree C in air for 1-
5 minutes. This process can also been used to clean extra carbon deposition on external surface at 
the tip of the closed CNP. 
Note3: for different CVD furnace and chamber, these parameters need to be re-calibrate for the 
new geometry of the chamber and temperature distribution of the furnace.  
 
Figure A.1 Pipette directions at carbon deposition. (a) Against; quartz nano-pipette pointing 
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